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In vitro gut models provide several advantages over in vivo models for the study of the
human gut microbiota. However, because communities developed in these models are simplified
simulations of the in vivo environment it is necessary to characterize the reproducibility,
repeatability and stability of cultured communities. We also need to broadly define the
differences between in vitro consortia and the communities from which they are derived. In this
study we characterized and validated a twin-vessel (independent, identical) single-stage
chemostat model of the human distal gut. Samples were analyzed using a molecular
fingerprinting technique (Denaturing Gradient Gel Electrophoresis) to compare and monitor
changes in the overall structure of the communities while a phylogenetic microarray (Human
Intestinal Tract Chip) was used to obtain phylogenetic information. We found that twin-vessels
inoculated with feces developed and maintained diverse communities that reached stable
compositions by at most 36 days post-inoculation. Communities were enriched in Bacteroidetes
but not Clostridium cluster XIVa, Bacilli or other Firmicutes relative to the fecal inocula.
Vessels were very reproducible when inoculated with identical fecal inocula, less similar when
inoculated with consecutive fecal donations from the same donor, and maintained donor-specific
identities when inoculated with feces from different donors. Norepinephrine exposure (undefined
perturbation) did not appear to have a substantial effect on the structure of chemostat
communities, while clindamycin treatment (defined perturbation) caused large changes in the

structure of chemostat communities. Packed-column biofilm reactors incorporated a simulated
mucosal environment into our chemostat system, allowing us to simultaneously culture
biologically relevant planktonic and biofilm communities that were complex, reproducible, and
distinct. Defined communities were comparable to fecal communities at the phylum/class-level
but established stable compositions more rapidly. While it was difficult to assess the persistence
of synthetic stool in a healthy fecal chemostat community (+/- antibiotic perturbation), mixing
communities from two donors resulted in a mixed community that more closely resembled one
donor over the other. Although future experimentation is required, the results presented here
show our twin-vessel single-stage chemostat model represents a valid simulation of the human
distal gut environment and can support complex, representative microbial communities ideal for
experimental manipulation.
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Chapter 1

Introduction
1.1 Human gut microbiota
The human gastrointestinal (GI) tract is a specialized digestive organ with several distinct
anatomical regions, including the mouth, esophagus, stomach, small intestine and large intestine.
The large intestine consists of the proximal bowel (cecum and ascending colon), transverse
colon, descending colon and sigmoid/rectum. The arrangement of the large intestine can be
thought of as an ‘open’ system, where food residues from the small intestine enter at the cecum
and are periodically voided from the rectum (1).
Due to the low pH, microbial counts are low in the stomach (<103 cells/g) and while they
increase in the small intestine (104-107 cells/g), growth is still limited by rapid transit time, bile
secretion, and the presence of pancreatic juice (Figure 1.1; 2). Bacterial counts increase in the
large intestine, with 1010-1011 cells/g in the proximal colon, 1011-1012 cells/g in the transverse
colon and ≥1012 cells/g in the descending colon (2). Counts are higher in the large intestine
because this compartment contains the most favourable conditions for microbial growth: slower
transit time, high nutrient availability (dietary and host origin), and favourable pH (2-4).
The gut microbiota is one of the most dense and diverse microbial ecosystems known; the
average healthy human gut is estimated to contain ~1000 different species both in intestinal
material and on mucosal surfaces (5-9). The gut microbiota is largely composed of indigenous or
commensal bacterial species that are permanent (autochthonous) residents of the gut, as well as a
smaller, variable collection of microbial species that are transient (allochthonous) occupants
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Stomach
<103 cells/g

Transverse colon
1011-1012 cells/g
- Depletion of nutrients
- Decrease in bacterial activity
- Reduction in SCFA production
- pH 6.1-6.4

Proximal colon
1010-1011 cells/g

Distal colon
≥1012 cells/g

- High concentration of nutrients
- Active microbial growth
- Fermentation of carbohydrates
- High SCFA production
- pH 5.4-5.9

- Low concentration of nutrients
- Slow microbial growth
- Fermentation of protein
- Low SCFA production
-pH 6.1-6.9

Small intestine
104-107 cells/g

Figure 1.1 Diagram illustrating different segments of the human gastrointestinal tract. Listed are
the approximate number of microbial cells per gram of intestinal contents, nutrient availability,
and types of fermentation typical of each segment of a healthy gut. Text adapted from Payne et
al. (2). Image from http://www.loveyourgut.com/wp-content/uploads/digestive-system.jpg
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(10, 11). Autochthonous gut microbial communities provide a significant contribution to human
digestive physiology and play a large role in gut homeostasis (4). In fact, the gut microbiota has
been referred to as a personalized "human organ" with a collective metabolic activity rivaling
that of the liver (12, 13). Allochthonous microorganisms can include neutral microbes that don't
affect host health, infectious agents that cause disease, or "probiotic" strains that are being
exploited for their health benefits (see section 1.3).
Although the human gut microbiota was once regarded as a homogeneous microbial
community, it is now clear that substrate availability, bacterial populations and microbial
metabolism vary along the length of the gut (Figure 1.1; 14, 15). Within the large intestine
microbial populations colonize food residues in the cecum, maintain populations within the
proximal colon, and serve as inocula for residues entering the distal colon (16). Further
examination of the gut microbiota has shown that microorganisms occupy a large number of
microhabitats and metabolic niches in addition to the gut lumen, including the intestinal mucosa
and the surfaces of incompletely degraded dietary residues (16). Microenvironments within the
gut contribute to the diversity of the microbiota and are in a dynamic state of change according
to the consumption and production of resources (16). Microhabitats may play an important role
in host health. For example, within the appendix microorganisms mostly grow adherent to the
mucosal surface as biofilms (17). It has been proposed that microorganisms growing in the
appendix may allow for re-inoculation of the colon following a perturbation event (for example,
infection with an enteric virus) to help re-establish the gut ecosystem (17).
For many years it has been known that bacteria colonize the gut in abundance, but until
fairly recently the true significance of this colonization to human health was greatly
underestimated (18). It is now clear that the healthy gut microbiota exerts various protective,
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structural, and metabolic functions on the host gut epithelium (Table 1.1; 12). The relationship
between gut microbiota and host is mutualistic; in return resident microbes can acquire nutrients,
a favourable habitat, and an efficient means of dispersal (19).
Despite its importance in host health and disease, the gut microbiota is incompletely
characterized and has a poorly defined microbial diversity (6, 20). However, we do know that the
low oxygen tension environment of the colon favours obligately anaerobic microbes, with only
~0.1 % of the total species diversity made up of facultatively anaerobic species (21-23). Gut
microbiota are mainly composed of bacteria, but methanogenic archaea (e.g.
Methanobrevibacter smithii), eukaryotes (mostly yeasts) and viruses (largely bacteriophage) are
also present (24).The majority of the bacterial species of the gut microbiota (99%) consists of
just four phyla, including Bacteroidetes and Firmicutes (which together dominate the gut
microbiota, accounting for > 90% of the species present) as well as Proteobacteria and
Actinobacteria (which are present at lower levels; 5, 6, 25, 26). Gut microbial diversity is
therefore in contrast to that of Earth’s total biosphere, which is comprised of up to 70 bacterial
phyla (27). However, despite a relatively small number of phyla, gut microbial diversity is
considered to be high at the level of genera and species within these phyla (27). The dominant
anaerobic genera found in the human gut include Bifidobacterium, Clostridium, Bacteroides, and
Eubacterium, while the dominant facultatively anaerobic genera include Escherichia,
Enterococcus, Streptococcus, and Klebsiella (12).
Attempts to define the composition of "healthy" gut microbiota have been difficult as gut
microbiota show significant inter-individual variation (6, 28). It is important to understand both
the factors that give rise to host specificity of a given gut microbiota, as well as the contributions
of microbial community members to microbiota functionality, as differences in these factors may
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Table 1.1 Functions of the gut microbiota that benefit human health. Modified from O’Hara and
Shanahan (12) and Lutgendorff et al. (10).
Metabolic functions
 Ferment non-digestible
dietary residue and
endogenous epithelialderived mucus
 Salvage of energy
 Synthesis of micronutrients
including vitamins, short
chain fatty acids, and
polyamines
 Control intestinal epithelial
cell differentiation and
proliferation
 Processing and detoxification
of xenobiotics
 Ion absorption

Protective functions

Structural functions

 Pathogen displacement

 Barrier fortification

 Nutrient competition

 Apical tightening of
tight junctions

 Receptor competition
 Production of antimicrobial factors
(bacteriocins, lactic acids)
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 Immune system
development (innate
and adaptive)
 Induction of
immunoglobulin A
(IgA)

have important implications in health outcomes (29). Factors that drive normal compositional
variation of the gut microbiota include diet, genetics, age and environment (Table 1.2; 24).
Diet is one of the most important factors that drives normal compositional variation of the
gut microbiota since substrate preference, use, and composition change the relative abundance of
species within a given microbial community (30). For example, it has been shown that in the
fecal microbiotas from healthy individuals who consumed long-term diets rich in animal protein,
the abundances of several amino acids and saturated fats in these diets were associated with
Bacteroides populations. In contrast, long-term diets rich in carbohydrates and simple sugars
were associated with Prevotella populations (31). De Filippo et al. (2010) showed that the fecal
microbiotas from rural African children consuming a high fiber diet were enriched in
Bacteroidetes and depleted in Firmicutes compared to the fecal microbiotas from European
children consuming a Western diet (high in saturated and unsaturated fats; 32).
Studies have shown that the gut microbiotas sampled from family members are more
similar to each other than to those sampled from unrelated individuals (33-36). However, while
these similarities may be linked to the genetic relatedness of the hosts, they could also be
correlated with a common living environment (30). Human twin studies comparing the similarity
of gut microbiotas from monozygotic (identical) and dizygotic (fraternal) twins has yielded
contrasting results (33, 37-39). Although the fecal microbiotas of twins are generally more
similar to each other than to unrelated individuals (37, 38), some studies found that the gut
microbiotas from monozygotic twins were more similar to each other than the gut microbiotas
from dizygotic twins (37), while others found a comparable level of similarity (33). Diet and
lifestyle differences between twin subjects as well as differences in the methodologies employed
in experimental techniques may account for the varying results of these studies (30). Future work
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Table 1.2 Factors that influence the composition of the human gut microbiota (4).
Host factors









Diet
Genetics
Digestive secretions
Digestive physiology
Innate and adaptive immunity
Disease
Antibiotics
Drugs

Microbiological factors

Environmental factors

 Competition for nutrients

 Substrate availability

 Competition for adhesion sites

 Local pH

 Metabolic cooperation

 Redox potential

 Bacterial antagonism

 Geography

7

utilizing a larger number of healthy twin subjects is required to confirm these observations (30).
Several studies have examined the influence of age on the composition and function of the
gut microbiota, describing differences between healthy infants, adults, and elderly subjects (6,
40-42). Compared to adult fecal microbiotas, infant microbiotas are relatively unstable and have
lower phylogenetic and species richness (enriched in Bifidobacterium spp.; 43). The
compositions of infant gut microbiotas is affected by the method of delivery (vaginal or
caesarean-section), diet (breastfed or formula fed), and antibiotic use (44-46). As infants age and
solid foods are introduced, fecal community stability and diversity increase and the relative
proportions of bacterial phyla begin to resemble those of an adult (47, 48). The gut microbiotas
of the elderly (adults over the age of 65) differ from the gut microbiotas of younger adults and
are characterized by lower diversity and stability as well as higher inter-individual variation (4951). Physiological changes associated with aging may account for differences in the composition
and function of elderly gut microbiotas (e.g. decreased intestinal motility, reduced nutritional
intake, immunosenescence, and use of laxatives and other medications; 51-54).
The evident stability and homeostasis of the adult human gut microbiota has led several
groups to propose species that comprise a "core gut microbiota," that is, species that are shared
components between many individuals (9, 33, 39, 40, 50, 55-57). However, currently there is no
consensus on the microbes that might comprise this core (24, 27, 58). Instead, the concept of a
core functional microbiome (or core microbiome-encoded gene set) has become an increasingly
popular proposal (27). Several studies have shown that individuals with highly divergent gut
microbial compositions have very similar functional gene profiles (9, 33, 59). Healthy gut
microbiomes contain genes involved in central pathways for carbohydrate and amino acid
metabolism (33). However, finer differences in function between individuals can be concealed
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by grouping genes into broad functional categories (24). While specific metabolic functions
comprising a "healthy" core functional microbiome have yet to be defined, it is possible that
changes in these core sets of genes may be important for maintaining host health, or alternatively
for promoting the development of disease (27, 60).

1.2 Stability and perturbation
Aside from compositional and functional descriptions, "healthy" gut microbiotas can also
be described in terms of stability (61). The stability of a given microbial community is not
maintained due to the unresponsiveness of the microbial populations, but rather by its restorative
abilities that allow it to act as a dynamic system (62). Ecosystems are considered to be stable if
they possess or display five key characteristics: (1) return to and maintain baseline values
following displacement (recover); (2) re-establish baseline values rapidly following displacement
(resilience); (3) are maintained at a set value (persistence); (4) are resistant to change
(resistance); and (5) have limited variability over time (63). The stability of healthy gut microbial
ecosystems has been observed over several time windows, ranging from days to weeks to months
to years (56, 64, 65). These studies, among others, showed that the gut microbiotas of healthy
adults are dynamic but relatively stable in the absence of major perturbation (59, 66-68).
Longitudinal studies tracking changes in the gut microbiota allow us to test hypotheses, as
it is then possible to relate changes in microbial community composition or function to changes
in the health status of the host (61). For example, longitudinal analyses of gut mucosal
microbiotas in ulcerative colitis (UC) patients showed that compositional variations occurred
over time and that the structures of mucosal communities were associated with disease severity
(69). High clinical activity scores and sigmoidoscopy scores were positively associated with
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Enterobacteriaceae, Desulfovibrio spp., type E Clostridium perfringens, and Enterococcus
faecalis and negatively associated with Clostridium butyricum, Ruminococcus albus, and
Eubacterium rectale. Low clinical activity scores were associated with Lactobacillus spp. and
Bifidobacterium spp.
The stability of the gut microbiota can be disrupted by several different kinds of
disturbances (events, biological processes, or physical processes) that separately or together can
cause discrete structural changes in the composition or function of the community (62). Such
changes can disrupt the diversity (including richness and evenness; 70, 71) and damage the
functionality of the ecosystem (72, 73). Changes may include die-off, displacement, or damage
to community members, each of which can allow other organisms to establish themselves within
the ecosystem (74). The environmental factors that can effect such changes to the gut microbiota
include diet, medications (in particular, antibiotics), stress, smoking, chemotherapeutic drugs,
probiotic ingestion and microbial infections (Table 1.2; 18, 27).
The intensity and frequency of disturbance also influences the response patterns of
microbial communities (75). Even brief disturbances to the ecosystem are known to cause lasting
changes to the structure of the gut microbiota. Dethlefsen et al. (2011) found that the fecal
microbiotas from healthy volunteers receiving a 5-day course of ciprofloxacin experienced a loss
of diversity and a compositional shift within 3 to 4 days of antibiotic initiation (76). While fecal
communities began to return to their initial state 1 week after the end of the ciprofloxacin course,
recovery was incomplete. Complete taxonomic recovery of a microbial community following
perturbation may not be as important as the recovery of functions essential for the service output
of the ecosystem (76). In the study by Dethlefsen et al. (2011), the gut microbiota stabilized but
was different from its initial state by the end of the experiment (76). Researchers have proposed
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that multiple stable states may exist for the gut microbiota, and that perturbation (e.g. brief
antibiotic exposure) may shift the gut microbial community from its current stable state into an
alternative stable state (29, 76-78). However, because what constitutes a healthy stable state is
not currently known or defined, the consequences to health of shifting to alternative stable states
are poorly understood (24, 76).
The ability of the gut microbiota to remain stable in the presence of exogenous stimuli is
expected to be important for host health (61). Due to the intimate relationship between the gut
microbiota and the host, changes in intestinal microbial communities could disrupt physiological
functions, potentially causing disease (61, 79). Low diversity (including richness and evenness)
within a microbial community can reduce its ability to resist perturbation (80). While the host
may not show any signs of disease, their reduced gut microbiota diversity may promote
susceptibility to development of disease in the future (61). Therefore, measures of diversity may
be useful indicators of the stability or "health" of a gut ecosystem and as such, clinical studies
may benefit from incorporating these measures into their experimental design (61).
Characterization of perturbed gut microbiota may aid in designing novel methodologies to
restore dysbiotic gut ecosystems following disturbance, to increase the resilience of disrupted
communities, or to take pre-emptive measures to improve the resistance of the gut microbiota in
susceptible individuals (62).

1.3 Gut microbiota and disease
Dysbiosis is defined as a shift in the balance of the intestinal microbiota to an unbalanced,
non-physiological state, resulting in increased growth of harmful bacteria and deceased growth
of protective bacteria (81, 82). Changes in the microbiota can be quantitative or qualitative and
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may involve changes in metabolic activity or distribution of commensal organisms (10, 83).
Dysbioses of the gut microbiota may have important implications for host health. Increases in the
incidence of dysbiosis have stimulated interest in manipulating the composition and function of
gut communities using novel therapeutic tools in order to benefit host health (60).
While traditional medical paradigms for infectious disease focus on a single, specific
microbial pathogen as the causative agent, current research has shifted to ecological approaches
proposing the concept of a "microbial community as a pathogen" (62). Comparison of different
compositional backgrounds from diseased patients can allow researchers to identify a disease
phenotype that correlates with specific microbial members or microbial patterns (24). Several
studies have found that the diversity, composition and function of the gut microbiota can vary
according the physiological state of the host (24). For example, the gut microbiotas of obese
individuals have lower Bacteroidetes:Firmicutes ratios than lean people (84-86). In fact, obese
and lean people can be classified solely based on the composition of their gut microbiota with
90% accuracy (87, 88).
A number of human diseases and other forms of pathology have been associated with
alterations in the structure of the gut microbiota (62). However, while special cases have
described the association of aberrant gut microbiota with a specific disease state, it is not always
clear whether dysbiotic gut microbiota are a cause or consequence of disease (13). To date,
associations have been made with aberrant gut microbiota and over 20 diseases, syndromes, or
functional disorders (Tables 1.3, 1.4; 13). These associations have varying degrees of support,
ranging from anecdotal indicators to stronger evidence gleaned from the study of large patient
cohorts (13). Table 1.3 lists disorders with the strongest associations (supported by multiple
studies in humans) along with potential causation (where possible). Table 1.4 lists disorders with
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Table 1.3 Diseases associated with dysbiotic gut communities based on multiple studies.
Modified from de Vos and de Vos (13).
Disorder
Crohn’s disease
Ulcerative colitis
Irritable bowel
syndrome
Clostridium difficile
infection
Colorectal cancer
Allergy/atopy
Celiac disease
Type 1 diabetes
Type 2 diabetes
Obesity

Most relevant observations and potential correlation
Decreased gut community diversity, reduced
Faecalibacterium prausnitzii
Decreased gut community diversity, reduced
Akkermansia muciniphila
Differences in global signatures, increased Dorea spp.
and Ruminococcus spp.
Dramatic decreased gut community diversity, detection
of Clostridium difficile
Differences in Bacteroides spp., increased
Fusobacterium spp.
Decreased gut community diversity, specific signatures
Differences in the composition of gut communities,
especially in the small intestine
Signature differences
Signature differences
Differences in the Bacteroidetes/Firmicutes ratio
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References
89-93
89, 92, 94-96
97-100
101-104
105-108
109-112
113-115
116-118
119-122
33, 84, 123,
124

Table 1.4 Diseases with preliminary data suggesting an association with dysbiotic gut
communities. Modified from de Vos and de Vos (13).
Disorder

Most relevant observations and potential correlation

Alzheimer’s disease

Differences in the composition of gut communities (murine
model)
Correlation between plasma cholesterol levels and several
gut bacterial taxa (human study)
Differences in the composition of gut communities,
reduced Bacteroidetes, increased Betaproteobacteria
(human study)
Increased abundance of Gram positive facultative anaerobic
microbial species (human study)
Decreased gut community diversity, increased
Proteobacteria, reduced Bifidobacterium spp. and
Lactobacillus spp. (human study)
Germ-free and antibiotic-treated mice were less susceptible
to disease
Emotional behavior and central gamma-aminobutyric acid
(GABA) receptor expression regulated by the ingestion of a
Lactobacillus strain (murine model)

Atherosclerosis
Autistic spectrum
disorders
Chronic fatigue
syndrome
Colicky babies
Cardiovascular
disease
Depression and
anxiety
Graft-vs.-host
disease
Multiple sclerosis
Non-alcoholic fatty
liver disease
Retrovirus infection
Poliovirus infection

Recent
reference
125
126
127
128
129
130
131

Germ-free mice were less susceptible to disease

132

Germ-free mice were less susceptible to disease
Correlation between choline levels and the composition of
gut communities (human study)
Germ-free and antibiotic-treated mice were less susceptible
to disease
Antibiotic-treated mice were less susceptible to disease

133
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134
135
136

indications of associations (for example, first report studies), where the data are less strong than
for those listed in Table 1.3.
While the mechanisms underlying these disorders are not always clear, several studies
(including those using germ-free animals) have shown that gut microbes can play an important
role in the initiation and maintenance of disease (137). For example, several studies have
illustrated the importance of gut bacteria in Inflammatory Bowel Disease (IBD). Transgenic and
gene knockout rodents, which normally develop chronic intestinal inflammation when raised
conventionally, fail to develop colitis when raised under germ-free conditions (138). Moreover,
while trinitrobenzene sulfonic acid (TNBS) induces colitis in normal rats, eradication of the gut
microbiota with antibiotics followed by TNBS administration fails to induce colitis (139). As
another example, germ-free mice colonized with the gut microbiota from obese mice experience
a significantly larger increase in their total body fat than when colonized with the gut microbiota
from lean mice (86).
Alterations of the gut microbiota may in some cases be more consistent in individuals with
the same disease (24). Willing et al. (2010) found reproducible alterations in the gut microbiota
of ileal Crohn's disease (CD) patients relative to controls (93). In addition, more subtle
alterations were also noted in patients with colonic CD (93). Metabolomics studies of these
samples also showed consistent differences in the metabolic profiles of Crohn's patients (140). In
contrast, some diseases show inconsistent alterations of the gut microbiota in individuals with the
same disease (24). For example, patients with recurrent Clostridium difficile infection (CDI)
have a reduction in gut microbiota phylum-level diversity that was different from controls but
not similar to other CDI patients (141).
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Recently, reduced microbial diversity has been linked to disease states associated with
dysbiotic intestinal microbiota (Table 1.3). For example, perturbation of the normal gut
microbiota using broad-spectrum antibiotics creates the largest risk for development of CDI
(142). Patients with recurrent CDI have significant reductions in the diversity of their gut
microbiota compared to both healthy controls as well as patients suffering from an initial episode
of disease (141). Moreover, in the absence of antibiotic treatment, other diseases have been
linked to reduced gut microbiota diversity. Previous studies have shown that both CD and UC
patients had a statistically significant reduction in the diversity of their gut microbiota during the
active disease state (89) as well as during remission (90, 94). Consistent with ecological theory,
the gut microbiota from CD and UC patients showed temporal instability, while healthy
individuals had a stable composition over time (94, 143). Lower gut microbial diversity has also
been associated with obesity (33) and necrotizing enterocolitis (NEC; 144).
Several different therapeutic strategies have been designed to manipulate the gut
microbiota in order to benefit host health. These strategies include use of antibiotics, as well as
ingestion of probiotics, prebiotics, and synbiotics (61, 104). Other potential, but yet unexplored
therapies include immune modulators and bacteriophage therapy (61).
While antibiotics have been shown to perturb gut microbiota, recent studies have suggested
they can also be used as "microbiota-shifting agents" to correct gut microbiota dysbiosis (61).
Antibiotic therapy may be able to induce remission in active CD and UC (145) and has been
shown to relieve Irritable Bowel Syndrome (IBS) symptoms (146). However, it is not clear
whether antibiotic use alleviated disease through the correction of dysbiosis, through the removal
of a specific bacterial pathogen, or by the modulation of host physiology in some other indirect
manner (61).
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Probiotics are cultures of live, non-pathogenic bacteria (not members of the host
microbiota) that are beneficial to the host when administered in adequate amounts (147). Clinical
trials have indicated that antibiotic-associated diarrhea, NEC, pouchitis, UC, and IBS patients
have benefited from probiotic interventions (148). Probiotics have also been used in association
with prebiotics. Prebiotics are non-digestible food residues (typically carbohydrates) that
selectively stimulate the growth and/or activity of gut microorganisms to benefit host health (3).
Prebiotics have been shown to induce beneficial effects in patients with bowel cancer, IBD,
infections, coronary heart disease, NEC, poor mineral absorption, and obesity (149). Syngeristic
combinations of probiotics and prebiotics (synbiotics) may further benefit host health (61).
Multi-species probiotics, including fecal bacteriotherapy (fecal transplants) and defined
microbial ecosystem therapeutics (MET), have also been developed to treat GI disorders (103,
104). The goal of these therapies is to restore the diversity of a diseased, dysbiotic microbiota
through displacement or augmentation with a healthy microbial community (150). While much
of the data to date has consisted of case studies, a recent clinical trial has shown that fecal
transplants may be an effective treatment for CDI (103). Case reports have also shown the
potential to treat UC (151), IBS (152) and obesity (153) using fecal bacteriotherapy. While
investigations using defined communities are still in their infancy, preliminary data has shown
that ‘synthetic stool’ (MET) was able to resolve disease in two patients with recurrent CDI (104).
Before the gut microbiota can be manipulated to benefit host health, a more complete
characterization of these complex microbial ecosystems is required. An understanding of key
factors that regulate community dynamics would allow researchers to predict the behaviour of
gut ecosystems and manipulate key parameters to control them (154).
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1.4 Modeling the gut microbiota in vivo
Because of the complexity of the microbial communities in the GI tract, pure culture study
of component species only provides limited information about their role in the ecosystem. The
function and behaviour of these ecosystems are often best studied as a whole.
Human gut microbiota can be studied in a wide variety of individuals, including healthy
volunteers, hospital patients, patients with ileostomies, and sudden death victims (1). Direct
study of the gut microbiota of human subjects has the advantage of biological significance, but
also has several drawbacks. There are a wide range of influences that may affect the gut
microbiota and these can be difficult to control in human studies (27). Inter-individual variation
of the gut microbiota, combined with individualized responses to the same treatment, can also
make it difficult to compare results between treatment and control groups and to correlate
changes in the gut microbiota to the treatment of interest (76). For example, gut microbial
communities from different individuals were shown to have varying short- and long-term
responses to ciprofloxacin perturbation (28, 76). Within the same subject, differences in the
initial compositions of gut microbiota meant that repeat ciprofloxacin exposure also resulted in
varying responses (76). In a separate study, Walker et al. (2011) studied the fecal microbiotas of
14 overweight men consuming precisely controlled diets for 10 weeks (155). While specific
bacterial populations rapidly "bloomed" following changes between the diets, inter-individual
variation was marked and samples clustered more closely by individual than by diet.
There are several other drawbacks to human studies of the gut microbiota. Ethical
considerations often restrict human studies to the analysis of fecal samples, because otherwise,
invasive medical procedures would be required to gain access to intestinal material and tissues
(1, 2). Additionally, experiments involving humans must pass necessarily stringent research
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ethics approval that would restrict the administration of unsafe or untested compounds and/or
may restrict experimental design (1). Furthermore, human studies are generally expensive, time
consuming, and may require the use of specialist facilities, all of which can limit subject
numbers and therefore study power (1). This issue can be compounded by low volunteer
compliance and high dropout rates (1).
The technical and ethical limitations of studying the gut microbiota in human subjects have
driven the development of several animal and in vitro model systems. Animal studies allow
researchers to conduct more controlled, reproducible experiments, keeping variability due to
environmental (e.g. diet) and genetic influences at a minimum (156). There are a variety of
different types of animals that have been used as models of the gut microbiota, including mice
(157), rats (158), pigs (159), and zebrafish (160), among others. These model animals can be
germ-free, gnotobiotic (germ-free animals inoculated with specific microbes), humanized
(gnotobiotic animals inoculated with human feces), or conventionally raised (native gut
microbiota; 161). Some laboratory animals, such as mice and rats, are available as inbred strains,
outbred stocks, or as a variety of knockouts (1, 162). The clear benefit of using in vivo animal
models to study the gut microbiota is that researchers have direct access to intestinal contents,
tissues, and organs at necropsy, and have more freedom to investigate the effects of various
drugs and toxins (1).
Despite these advantages, differences between the digestive physiologies of humans and
animals raises concerns regarding the relevance of the data obtained from animal studies (163,
164). For example, rodents are coprophages (feed on fecal matter), and their intestinal anatomies,
and physico-chemical and biological environments, are very different from those of humans (1,
13). While the porcine digestive tract is commonly considered to be more similar to that of
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humans than rodents, the pig’s proximal gut is more densely colonized and the lower bowel is
proportionally larger than in humans. Moreover, animal studies are generally more expensive
than in vitro models and may require the use of specialist facilities (1).
In addition to the other drawbacks of human and animal studies, in vivo studies often limit
the dynamic monitoring of the gut microbiota by deriving their data from end-point
measurements (1, 165). Furthermore, mechanistic studies are often confounded due to the
inability to focus on gut communities without host interference (165). The use of in vitro models
to study the microbial communities of the gut can potentially overcome many of the limitations
of in vivo models (1).

1.5 In vitro human gut fermentation modeling
Like other complex microbial ecosystems, most members of the human gut microbiota
have not been cultured (6), likely because the individual species of the gut microbiota are
difficult to culture axenically in vitro (166). In fact, of the hundreds of different bacterial species
that colonize the human GI tract, up to 80% have not been cultured using conventional
techniques (19). These recalcitrant microorganisms may be hard to grow because their cells are
dead or stressed, they may have obligate requirements for interactions with other bacteria or the
host, or they may require essential nutrients or particular culture conditions (166). It is widely
recognized that novel culture techniques are required to grow these “unculturable” microbes.
In vitro gut fermentation models are technological platforms that can simulate the spatial,
temporal and environmental features that microbes experience within the gut environment (1).
The key objective of in vitro gut fermentation models is to culture stable, complex intestinal
microbial communities in a highly controlled environment (2). Depending on the model, single
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or multiple vessels are inoculated with fecal samples and operated under anaerobic conditions,
using a temperature, pH, and growth medium that mimic the intestinal segment of interest (2).
Being host-free systems, in vitro gut fermentation models make ideal systems in which to
study microbial perturbations resulting from the addition of exogenous stimuli, as microbial
changes can be measured in isolation of any concurrent effects on the host (1, 2). Whilst this can
be seen as a disadvantage of an in vitro model, a reductionist approach to understanding the
complex interactions of the gut microbiota in isolation of the host also has great value in terms of
mechanistic studies (1). The experimental parameters can be tightly controlled by the researcher
(enabling high stability and reproducibility) and can be sampled as frequently as necessary
without ethical constraints (1). The relative lack of ethical consideration also means that in vitro
modeling is the method of choice for studying the effects of potentially lethal substances on the
microbiota, including toxic, radioactive, and genotoxic compounds (1). Compared to in vivo
models, in vitro gut fermentation models are less expensive to operate and generally easy to set
up (1).
Adaptation, survival, and growth of fecal microorganisms within gut fermentation models
depends on the user-defined experimental parameters of the system, including the composition of
the growth medium, pH, retention time, temperature and the maintenance of an anaerobic
environment (1, 2). Strict control of environmental parameters allows for the maintenance of
steady state conditions within each chemostat vessel where microbial composition and activity
remain consistent over time (2). This results in the development of stable, reproducible
chemostat communities that are ideal for experimental manipulation (2).
In vitro experiments with gut fermentation models are virtually unlimited (2). Vessels can
be seeded with a single species, a defined microbial community, or feces (from either healthy or
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diseased donors; 1). They have been used to study many different microbial processes, including
carbohydrate and protein fermentation, metabolism of steroids, bile acids, lignans and
phytooestrogens, production and removal of hydrogen and mutagens, and the transformations of
xenobiotic compounds (1). Studies have monitored changes in the composition and metabolic
activity of specific bacterial populations using single or multiple dietary compounds, changes in
gut microbiota functionality due to the administration of potential probiotic strains, and
pathogen-commensal microbiota interactions (167-170).
There are several different versions of in vitro gut fermentation models; these vary in
design and complexity, each simulating different spatial, temporal, nutritional and
physicochemical properties of different colonic regions (Figure 1.2; 2). Because each model has
its own advantages and drawbacks, selection of the model should correspond with the objectives
of the study (1, 2).
Batch fermentation models are closed systems (sealed bottles or reactors) that facilitate the
growth of microorganisms without adding or removing material post-inoculation (Figure 1.2a;
2). Batch cultures are especially useful for determining short chain fatty acid (SCFA) profiles
generated by the metabolism of dietary compounds by fecal communities (2). Since batch
cultures are inexpensive and easy to set up, they facilitate the rapid testing of a wide variety of
substrates or fecal samples (1). However, batch cultures are limited to short-term studies as
changes in substrate availability, pH, and redox potential can result in the selection of nonrepresentative microbial populations and distorted fermentation profiles (2). This means batch
fermentation models cannot establish or maintain steady state conditions (2).
As stated at the beginning of this chapter, the digestive tract is an open system, where food
enters through the mouth and exits through the rectum. With this in mind, uninterrupted flow of
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Figure 1.2 Different in vitro gut fermentation models used to culture gut microbial communities.
a) Batch fermentation model used to culture microorganisms without adding additional nutrients.
b) Single-stage chemostat used to simulate a single segment of the GI tract (171). Fresh growth
medium is added and spent culture medium is removed at the same, consistent rate. c) Multistage chemostat used to simulate multiple segments of the GI tract (e.g. proximal, transverse, and
distal colon; 172). Vessels are connected in series and liquid is continuously transferred from the
growth medium bottle to the culture vessels and the effluent bottle at the same rate. d) TIM-1
model simulating the upper intestine (stomach, duodenum, jejunum, and ileum; 173). The TIM-1
model can also mimic host bile secretion, motility, pH and absorption abilities of this region of
the GI tract. e) TIM-2 model simulating the proximal colon (174). The TIM-2 model mimics
host peristaltic mixing, water absorption and metabolite absorption. f) SHIME model simulating
the numerous segments of the GI tract (including the stomach, small intestine, ascending colon,
transverse colon, and descending colon; 165). This semi-continuous model adds growth medium
to the stomach compartment three times per day (to simulate three meals) and then transfers
liquid to other compartments (when available).

23

a

c

Media in

b

Media in

P

P

P

Proximal Transverse
colon
colon
Media in
Stomach

d
Gastric acid
and pepsin

Culture out

P

Culture out

P

Distal
colon

e
P

P

Media in

Pancreatin
and bile

P

Duodenum
P

Jejunum

Ileum
Dialysates out
Electrolytes in

Pancreatic juice in
P
SHIME feed in P

Stomach

P

Electrolytes in

Dialysates out

P

Dialysates out
Electrolytes in

Culture out

f

P

P

P

P

Small
intestine

P

P

P

P

Ascending Transverse Descending
colon
colon
colon

24

Culture out

liquid through continuous culture fermentation models is thought to better mimic the in vivo
situation (1, 2). Long-term studies can be carried out using continuous culture fermentation
models (or 'chemostats') because these systems persistently add fresh growth medium
(replenishing nutrients) and remove spent culture medium (including toxic products; 2). Similar
to the large intestine, chemostats can effectively culture microbial communities with high cell
densities (1). Chemostat designs can be simple or complex; single-stage chemostats consist of
one vessel to mimic one segment of the GI tract (Figure 1.2b; 2), whereas multi-stage chemostats
consist of several vessels connected in series to replicate multiple sections of the GI tract, usually
the ascending, transverse, and distal colon regions (Figure 1.2c; 172).
In an effort to improve the biological significance of multi-stage gut fermentation models,
artificial digestive systems have been developed that mimic additional host physiologic functions
(2). Two TNO (Dutch Organization for Applied Scientific Research) Intestinal Models (TIMs)
have been developed to simulate different sections of the GI tract. The TIM-1 small intestine
model simulates host bile secretion, motility, pH and absorption abilities of the upper intestine
(Figure 1.2d; 173). The TIM-2 proximal colon model mimics additional host functions including
peristaltic mixing, water and metabolite absorption (Figure 1.2e; 174). TIM-1 and TIM-2 models
have also been combined to create an artificial digestive system to investigate drug delivery
methods in pharmaceutical studies and for more advanced nutritional studies (175-177). In
addition to the TIM models, another artificial digestive system includes the simulator of the
human intestinal microbial ecosystem (SHIME) model (Figure 1.2f). The SHIME is a multistage sequential batch model (semi-continuous culture; 178). It is composed of five vessels
connected in series, with parameters set to mimic the stomach, small intestine and large colon
(ascending, transverse and descending; 178).
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1.6 Research rationale
While in vitro gut fermentation models have many advantages, like in vivo models they
also have limitations (Table 1.5). Depending on the research question, certain models may be
more appropriate to use than others (2). Model selection often requires a compromise between
technical complexity, biological significance, and cost (2).
The inaccessibility of intestinal material from different segments of the human GI tract
means that gut fermentation models are normally inoculated with feces (1). However, feces are
not representative of the content from of each segment of the GI tract, because substrate
availability, bacterial populations, and microbial metabolism vary along the length of the gut (14,
15, 82). Fecal communities are more representative of communities from the distal gut than
communities from other intestinal segments, thus the most relevant in vitro model that is seeded
with feces is a model of the distal colon. In vitro characterization and modeling of distal gut
diseases with proposed microbial community involvement (including UC, colorectal cancer, and
CDI) might aid in determining the etiology of these diseases (18).
In vitro gut models have been used for many years, however most models have yet to fully
characterize the reproducibility (technical replicates), repeatability (biological replicates), and
stability (time to and maintenance of steady state) of cultured communities (2). A notable
exception is the SHIME system, as studies have confirmed that it can develop reproducible,
stable communities that generally mimic those of the human gut (165).
Aside from dietary degradation experiments, gut models have the potential to answer a
wide variety of ecological questions; for example, studies investigating biofilm formation,
defined microbial communities, novel sources of ecosystem perturbation, and development of
experimental therapies can be facilitated using a relevant in vitro model system. Responses to a
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Table 1.5 Advantages and limitations of different in vitro gut fermentation models. Modified from Payne et al. (2).
In vitro gut
fermentation models
Batch culture

Continuous culture

Advantages
- Easy to set up
- Useful for substrate digestion and
fermentation studies
- Continuous flow simulates in vivo
environment
- Highly controlled environmental parameters
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Multistage
continuous culture

- Continuous flow into several compartments
simulates different segments of the digestive
tract

Artificial digestive
system

- Continuous flow simulates in vivo
environment
- Simulates the exchange of metabolites and
water found in vivo

Limitations

References

- Short-term studies (hours)
- Lack of environmental control

179, 180

- Lack of host functionality

181, 182

- Lack of host functionality
- Inoculated with feces (not
representative of each intestinal
segment)
- Short-term studies (days)
- Inoculated with feces (not
representative of each intestinal
segment)

165, 181

175, 183

variety of stimuli with previously characterized outcomes (observed in in vivo models and
validated in vitro models) can aid in confirming the validity of a novel in vitro gut fermentation
model. In addition, modeling distal gut communities allows for the study of extremes of
microbial diversity in this microbial ecosystem, because the distal gut is one of the most diverse
microbial ecosystems known (5, 8).

1.7 Research objectives
The overall objective of my doctoral research was to characterize and validate a twinvessel (independent, identical) single-stage chemostat model of the human distal gut. Hypotheses
and objectives relating to different investigations are outlined for each chapter. In chapter 3 we
assessed the time to (and maintenance of) steady state compositions, within-run reproducibility
(technical replicates), between-run repeatability (biological replicates using the same donor), and
inter-individual differences (alternative biological replicates). In chapter 4 we characterized the
effects of defined (clindamycin) and undefined (norepinephrine, NE) perturbation on the
structure of chemostat communities. In chapter 5 we characterized planktonic and biofilm
communities developed in a chemostat model with packed-column biofilm reactors (simulating
mucosal environments) in the presence and absence of antibiotic perturbation. In chapter 6 we
compared simplified, defined communities to complex, undefined fecal communities developed
in our chemostat model. Finally, in chapter 7 we investigated long-term persistence of
allochthonous (non-resident) microorganisms (from defined or fecal communities) within
complex microbial communities simulating the human gut following perturbation (with
antibiotics or by microbial pathogen invasion). Samples were analyzed using a molecular
fingerprinting technique (Denaturing Gradient Gel Electrophoresis, DGGE) to compare and
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monitor changes in the overall structure of the communities; in addition a phylogenetic
microarray (Human Intestinal Tract Chip, HITChip; 56) was used to obtain phylogenetic
information. Throughout these investigations the comparability between DGGE and HITChipcalculated parameters were also assessed.
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Chapter 2

Materials and Methods
2.1 Preparation of single-stage chemostats
An Infors Multifors bioreactor system was used for this work (Infors, Switzerland; Figure
2.1). Conversion from a fermentation system into a chemostat was accomplished by blocking off
the condenser vent and bubbling nitrogen gas through the culture to allow positive pressure to
maintain a constant volume of culture (400 mL), as well as to displace oxygen (Figure A2.1;
184, 185). The vessels were maintained at a temperature of 37ᵒC and a pH of 6.9-7.0 (184).
While both acid (5% (v/v) HCl) and base (5% (w/v) NaOH) were required immediately
following inoculation, only base was required to main culture pH throughout the chemostat runs.
Growth medium (see below) was continuously fed at a rate of 400 mL/day to give a
retention time of 24 hours (165, 186). Each vessel was aseptically sampled to check for absence
of contaminant growth on fastidious anaerobe agar (Acumedia; Lansing, Michigan)
supplemented with 5% defibrinated sheep blood (Hemostat Laboratories; Dixon, California)
(sFAA) prior to inoculation.
Growth medium was based on previous studies attempting to mimic the human gut (172,
187) with several modifications. Media was prepared from 4 separate stock preparations as
outlined in Table 2.1. For 1 L of growth medium, reagents were dissolved in either 800 mL H2O
(preparation 1), 50 mL H2O (preparations 2 and 3) or 100 mL H2O (preparation 4). Preparations
1 and 4 were autoclaved while preparations 2 and 3 were filtered through 0.22µm filters. 2.5 mL
of antifoam B silicone emulsion (J.T. Baker; Center Valley, Pennsylvania) were added to each
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Figure 2.1 Infors Multifors fermentation vessels adapted into a single-stage chemostat. a) Three
computer-controlled units are shown (each supporting 2 vessels). b) Close-up of twin-vessels
from a single unit (tubes and bottles moved aside to better view vessels). c) Schematic depicting
features of a single vessel run as a chemostat.
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Table 2.1 Composition of the growth medium used to culture microbial communities within the
twin-vessel single-stage chemostat model (per litre of media). Numbers in superscripts denote
chemical suppliers as follows: (1) Sigma-Aldrich (Oakville, Ontario); (2) Thermo Fisher
Scientific (Ottawa, Ontario); (3) BD (Franklin Lakes, New Jersey); (4) Alfa Aesar (Ward Hill,
Massachusetts); (5) BDH (Radnor, Pennsylvania).
Preparation

1

2

3
4

Reagent
Weight (g)
2
peptone water
2
yeast extract3
2
2
NaHCO3
2
CaCl21
0.01
pectin (from citrus)1
2
xylan (from beechwood)1
2
1
arabinogalactan
2
starch (from wheat, unmodified)1
5
4
casein
3
inulin (from Dahlia tubers)4
1
NaCl1
0.1
K2HPO41
0.04
2
KH2PO4
0.04
MgSO45
0.01
5
Hemin
0.005
Menadione1
0.001
1
bile salts
0.5
L-cysteine HCl2
0.5
1
porcine gastric mucin (type II)
4
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litre of prepared media (Figure A2.2). Media was stored at 4ᵒC for up to 2 weeks and checked for
sterility by plating on sFAA as above.

2.2 Collection and preparation of fecal inocula
The Research Ethics Board of the University of Guelph approved this study
(REB#09AP011). Four healthy donors provided fresh fecal samples: donor A (male, 44 yearsold), donor B (female, 42 years-old), donor C (male, 26 years-old) and donor D (female, 25
years-old). None of these donors had a recent history of antibiotic treatment prior to this study
(within 6 years for donor A, 8 years for donor B, 9 months for donor C and 11 months for donor
D). Chemostat vessels were inoculated with fresh feces from the donors, as described in Table
2.2.
Fecal samples were provided in a washroom located within the building, in close proximity
to the laboratory in which the anaerobic chamber used to process the sample was located. A
sterile, lidded container was provided for each sample, and this was immediately sealed and
placed in an anaerobic chamber (atmosphere of 90% N2, 5% CO2 and 5% H2) within 5-10
minutes of voiding. A 10% (w/v) fecal slurry was prepared by homogenizing 5g of feces in 50
mL of degassed growth medium for 1 minute using a stomacher (Tekmar Stomacher Lab
Blender, Seward; Worthing, West Sussex, UK). The resulting slurry was centrifuged for 10
minutes at 175 x g to remove large food residues (188). The resulting post-spin supernatant was
used as the inoculum for this study.
There is precedent in the literature for gently centrifuging stool prior to inoculating
chemostat vessels to remove large food particles from the inoculum (188-190). However, we
also carried out a DGGE-based comparison of the fecal slurry to the post-spin supernatant
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Table 2.2 Composition of the inoculum used to seed the chemostat vessels discussed in this thesis.
Thesis
Chapter

Experiments
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Vessels (chemostat run)

Inoculum

3

 Time to and maintenance of steady state compositions
 Within-run reproducibility (technical replicates)
 Between-run repeatability (biological replicates using the
same donor)
 Inter-individual differences (alternative biological
replicates)

VA1-1, VA1-2 (run A1)
VA2-1, VA2-2 (run A2)
VB3-1, VB3-2 (run B3)
VB4-1, VB4-2 (run B4)
VC5-1, VC5-2 (run C5)

Donor A feces (first donation)
Donor A feces (second donation)
Donor B feces (first donation)
Donor B feces (second donation)
Donor C feces

4

 Perturbation using a single dose of norepinephrine (NE)
 Perturbation using a 5 day course of NE
 Perturbation using a 5 day course of clindamycin

VB-N1, VB-N2
VC-N1, VB-N2
VA-N1, VA-N2
VA-C1, VA-C2

Donor B feces
Donor C feces
Donor A feces (first donation)
Donor A feces (second donation)

5

 Planktonic and biofilm communities developed in a
chemostat model with packed-column biofilm reactors
(simulating mucosal environments) in the presence and
absence of antibiotic perturbation

V1, V2

Donor D feces

6

 Simplified, defined communities (DEC, MET-1) vs.
complex, undefined communities (feces)

VF1, VF2
VD1, VD2
VM1

Donor B feces
DEC
MET-1

V(+/+),V(+/- ), V(-/+),V(-/-)

Donor A feces (first donation)

7

 Persistence of members from MET-1 in donor A fecal
chemostat communities in the presence and absence of
clindamycin perturbation
 Persistence of microorganisms from donor A and donor B
chemostat communities following mixing (microbial
pathogen invasion)

VA
VB
VAB

Donor A feces (second donation)
Donor B feces
VA+VB steady state chemostat communities

(inoculum) to ensure that low-speed spinning did not introduce bias. DGGE analysis showed that
the post-spin supernatant is very similar to the fecal sample (87.6%, Figure A2.3).

2.3 Preparation of defined communities (for Chapter 6)
Defined communities were prepared by axenically culturing the microbial community from
a Donor B's stool using a variety of media types (Tables A2.1, A2.2, A2.3). Media included
fastidious anaerobe agar (supplemented with 5% defibrinated sheep blood, 3% spent LS174T
medium + 5% defibrinated sheep blood, or 3% sterile spent chemostat medium + 5%
defibrinated sheep blood), Brain Heart Infusion agar, Wilkins–Chalgren agar, Clostridial
Differential agar, deMan, Rogosa & Sharpe agar, 'Faecali' agar (191), and 'Mucin' agar (192).
Plates were incubated at 37ºC under strictly anaerobic conditions (Ruskinn Bug Box anaerobic
chamber, in an atmosphere of 90% N2, 5% CO2 and 5% H2). Purified isolates were identified by
16S rRNA gene sequencing as previously described (193). Isolates were stored in degassed
freezing media at -80ºC until needed (see Appendix 1.3 for details).
A defined experimental community (DEC) was composed of 50 strains representing the
cultivable community from the fecal donor (Table 2.3). A microbial ecosystem therapeutic
formulation (MET-1) was composed of 33 strains representing a collection of commensal species
isolated from the same fecal donor (Table 2.3; 104). DEC and MET-1 formulations were
prepared by culturing each strain in pure culture on the growth medium from which it was
originally isolated. Culture time was staggered to allow for the growth of slow-growing strains.
The DEC inocula were prepared by scraping bacterial isolates from plates (using the ratios
outlined in Table 2.3) and mixing together in 400 mL of warm (37ºC) degassed saline. The
MET-1 inoculum was prepared by scraping bacterial isolates from plates (using the ratios
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Table 2.3 List of cultured isolates from the healthy donor B comprising DEC and MET-1 synthetic communities. For the relative
biomass values, zero ("0") indicates the strain was not included in the formulation.

Higher taxonomic group

Actinobacteria
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Bacteroidetes

Bacilli

Firmicutes

Clostridium cluster IV
Clostridium cluster VIII
Clostridium cluster IX
Clostridium cluster XIVa

Relative abundance
(by biomass)
% identity to
in DEC
in MET-1
in MET-1
closest match
formulation formulation formulation
(Chapter 6) (Chapter 6) (Chapter 7)
Bifidobacterium adolescentis
99.79
1
1.5
1.5
(two different strains)
99.79
1
1.5
1.5
Bifidobacterium longum
99.86
1
0.5
2.5
(two different strains)
99.16
1
2
2
Bifidobacterium pseudocatenulatum
98.83
1
0
0
Collinsella aerofaciens
98.73
1
1
1
Atopobium minutum
100
0.75
0
0
Bacteroides fragilis
100
1
0
0
Bacteroides ovatus
99.52
1
1.5
1.5
Bacteroides vulgatus
99.2
1
0
0
Parabacteroides distasonis
99.45
1
1.5
1.5
Lactobacillus casei/paracasei
99.47
1
1
1
Lactobacillus casei
99.74
1
1
1
Lactobacillus ruminis
100
1
0
0
Streptococcus mitis
99.79
0
0.75
1
Eubacterium desmolans
94.90
1
1
1.5
Faecalibacterium prausnitzii
99.17
0.33
2
1
Flavonifractor plautii
99.37
1
0
0
Clostridium cocleatum
91.92
1
1
1
Acidaminococcus intestini
100
0
1
1
Anaerostipes hadrus
99.59
0.67
0
0
(two different strains)
99.56
1
0
0
Blautia sp.
99.55
1
0.75
0.75
Closest species match,
inferred by alignment of
16S rRNA sequence
to GreenGenes database

Table 2.3 Continued

Higher taxonomic group

Closest species match,
inferred by alignment of
16S rRNA sequence
to GreenGenes database
Clostridium bolteae
(Clostridium sp.)
Clostridium citroniae
Clostridium hathewayi
Coprococcus comes
(Clostridium sp.)
Dorea formicigenerans
Dorea longicatena
(two different strains)
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Eubacterium sp.
(three different strains)
Firmicutes

Clostridium cluster XIVa
(continued)

Eubacterium eligens
Eubacterium fissicatena
Eubacterium rectale
(four different strains)
Eubacterium ventriosum
Lachnospira pectinoshiza
Roseburia faecalis
Roseburia intestinalis
Ruminococcus torques
(two different strains)
Ruminococcus gnavus
Ruminococcus sp.
(two different strains)

Relative abundance
(by biomass)
% identity to
in DEC
in MET-1
in MET-1
closest match
formulation formulation formulation
(Chapter 6) (Chapter 6) (Chapter 7)
93.36
0.5
0
0
(93.78)
99.78
1
0
0
99.36
1
0
0
98.64
1
0
0
(99.78)
100
1
0
0
99.62
1
1
1
99.60
1
2
2
99.33
1
0
0
99.34
1
0
0
99.77
1
0
0
98.15
0.5
2
2
99.78
1
0
0
99.59
1
2
2
99.60
0.33
1.5
2
99.19
1
1
1
99.53
1
1
1
100
0
1
1.5
95.22
0.5
0.5
0.5
99.65
1
1.5
1.5
100
1
1
1
99.15
1
1
2
99.29
1
2
2
96.48
1
0
0
97.35
1
1.5
1.5
98.40
1
0.5
2

Table 2.3 Continued

Higher taxonomic group

Firmicutes

Clostridium cluster XIVb
Clostridium cluster XV
Clostridium cluster XVIII
Proteobacteria

Closest species match,
inferred by alignment of
16S rRNA sequence
to GreenGenes database
Clostridium lactatifermentans
Eubacterium limosum
Clostridium spiroforme
Escherichia coli
(two different strains)
Raoultella sp.

Relative abundance
(by biomass)
% identity to
in DEC
in MET-1
in MET-1
closest match
formulation formulation formulation
(Chapter 6) (Chapter 6) (Chapter 7)
97.97
1
0
0
97.05
1
1.5
1.5
90.00
0.5
0
0
99.80
0
0.5
0.5
99.60
1
0
0
99.40
1
1
1
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outlined in Table 2.3) and mixing together in 150 mL of warm (37ºC) degassed saline.

2.4 Inoculation, operation and sampling
'Twin' chemostat vessels consisted of two identical chemostat vessels inoculated with
identical inocula. Chemostat vessels seeded with feces were inoculated by adding 100 mL of
10% fecal inoculum (post-spin supernatant) to 300 mL of sterile growth medium. VD1 and VD2
were inoculated by adding 50 mL of the DEC formulation to 350 mL of sterile growth medium.
VM1 was inoculated by adding 100 mL of MET-1 formulation to 300 mL of sterile growth
medium.
Immediately following inoculation, cultures were set to continual gentle agitation
(maintained throughout the run) and vessel pH was adjusted to 6.9-7.0. Feeding was started 24
hours post-inoculation. Each chemostat vessel was sampled daily by removing 4 mL of culture
through the sampling port and aliquots of each sample were archived at -80ᵒC.

2.5 Combining steady state chemostat communities (Chapter 7)
Stable steady state chemostat communities seeded with feces from donors A (VA) and B
(VB) were combined in a third vessel (VAB). VAB was filled with ~350 mL sterile media and
operated overnight (heating, degassing, and stirring). Media from VAB was sampled and plated
on sFAA to confirm sterility prior to inoculation, following which 217 mL of liquid was drained
from the vessel. Next, using sterile syringes and needles, 133 mL of culture were removed from
VA and transferred to VAB, and 133 mL of culture were removed from VB and transferred to
VAB using a syringe and needle. Thus, following inoculation with VA and VB chemostat
culture, the volume of VAB was 400 mL. 133 mL of sterile growth medium were then pumped
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into VA and VB to regain a volume of 400 mL in each vessel. All three vessels were then
operated as previously described.

2.6 Norepinephrine (NE)-induced perturbation (Chapter 4)
VB-N1 and VB-N2 and VC-N1 and VC-N2 were operated without experimental
manipulation until 36 days post-inoculation. Immediately following sampling on day 36, a single
physiologically relevant dose of norepinephrine (L-(-)-norepinephrine (+)-bitartrate salt
monohydrate, Sigma-Aldrich) was added to VB-N1 and VC-N1 to a final concentration of 100
µM (194, 195). An equal volume of sterile water was added to VB-N2 and VC-N2 (control
vessels).
VA-N1 and VA-N2 were operated without experimental manipulation until 48 days postinoculation. NE was added to VA-N1 to a final concentration of 100 µM at the following time
points (days of chemostat run): 48, 48.5, 49, 49.5, 50, 50.5, 51, 51.5, 52, 52.5. Each time a dose
of NE was added to VA-N1, an equal volume of sterile water was added to VA-N2 (control
vessel).

2.7 Clindamycin-induced perturbation (Chapters 5 and 7)
Vessels were operated without experimental manipulation until 36 days post-inoculation to
allow communities to reach steady state compositions. Clindamycin (clindamycin 2-phosphate,
Sigma-Aldrich) was added to the vessel according to a physiologically relevant regime
simulating a typical clinical course of this antibiotic and its pharmacological accumulation in
stool. Each day dosages were given twice, 12 hours apart: day 36 (of chemostat run) = 12.6
µg/mL, day 37 = 16.6 µg/mL, day 38 = 22.4 µg/mL, day 39 = 124.7 µg/mL, day 40 = 203.8
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µg/mL (196). Equal dosage volumes of sterile water were added to vessels not receiving
antibiotic treatment.
In Chapter 5 clindamycin was added to V1 while water was added to V2. In Chapter 7
clindamycin was added to V(+/+) and V(+/-) while water was added to V(-/+) and V(-/-).

2.8 Packed-column biofilm reactor preparation (Chapter 5)
A simulated mucosal environment was incorporated into our distal gut chemostat model
using packed-column biofilm reactors (Figure 2.2; 197). A peristaltic pump was used to circulate
culture from the vessel, through the packed column, independently of the pumps used to
maintain continuous culture conditions in the vessel. Flow rate through the column was the same
as that in the parent vessel. Each glass jacketed distilling condenser column (10 mm inner
diameter, 280 mm length, 34 mL total volume) was packed with pieces of silicone tubing
(approximately 2.5 mm width, 5 mm length) to provide a large surface for microbial attachment.
Silicone was chosen as a substrate for biofilm growth because of its mucin-binding capabilities
and autoclavability (198). Columns were maintained at 37ᵒC using a circulating water bath.
Rubber stoppers fitted with 2 mm diameter steel tubing were used to seal each end of the
column, and attached to each vessel with silicone tubing (VWR; Mississauga, Ontario). Two
packed-column reactors were attached to each vessel throughout the course of the experiment, as
outlined in Table 2.4.

2.9 Biofilm harvest from packed-columns (Chapter 5)
To harvest biofilms from the packed-column reactors, the stopper was removed from the
top of the column and 25 mL of sterile phosphate buffered saline (PBS, Gibco, Life
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Figure 2.2 Packed-column biofilm reactor set-up illustrating the attachment of silicone tubing to
the columns and vessel. P represents the location of the peristaltic pumps and the dashed arrows
illustrate the direction of culture circulation. A-G represents different lengths of silicone tubing
while YC1-3 represent y-connectors used to attach these lengths of tubing. Tubing E was clipped
off while culture was circulating through the columns.

43

F
YC3

E

G

P

D

P

YC2
44

C

B

A

YC1

Table 2.4 Biofilm initiation, harvest, and development times for biofilms cultured in packedcolumn reactors.
Packed-column
reactor
B1
B2
B3
B4

Biofilm growth
initiation day
0
0
36
41

45

Biofilm
harvest day
36
41
48
48

Days of biofilm
development
36
41
12
7

Technologies Corporation; Grand Island, New York) was gently dripped through (to wash away
excess non-adherent microorganisms). Column packing material was transferred to a sterile
conical tube and diluted in 15 mL of Tris EDTA (TE, pH 8.0). To aid in removing adherent
biofilms from the packing material, these tubes were sonicated for 3 minutes in a sonicating
water bath (Branson; Shelton, Connecticut; 199). Aliquots of sonicated column material were
stored at -80ᵒC.

2.10 Adding MET-1 to clindamycin-perturbed chemostat communities (Chapter 7)
Following clindamycin-induced perturbation of chemostat communities (as outlined in
section 2.7), MET-1 was added to clindamycin-treated and untreated vessels (on day 42). The
MET-1 formulation was prepared as described in section 2.3, except that the 33 bacterial isolates
were mixed in 30 mL of warm, degassed saline instead of 150 mL of saline. This was done to
reduce the volume MET-1 added to the vessel to avoid removal of chemostat culture following
inoculation. 10 mL of the MET-1 formulation were added to V(+/+) and V(-/+) while 10 mL of
saline were added to V(+/-) and V(-/-).

2.11 DNA extraction
DNA was extracted from archived samples using bead beating and modified protocols
from commercially available kits. Briefly, 200 µL of each sample were added to 300 µL of SLX
buffer (from the Omega Bio-Tek E.Z.N.A.® Stool DNA kit; Norcross, Georgia), 10 µL of 20
mg/mL proteinase K (in 0.1 mM CaCl2) and 200 mg of glass beads and placed into a bead beater
(Biospec Products; Bartlesville, Oklahoma) for 3 minutes. The samples were then incubated at
70ᵒC for 10 minutes, 95ᵒC for 5 minutes and on ice for 2 minutes. Next, 100 µL of Buffer P2
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(from the E.Z.N.A. kit) were added to each tube and vortexed for 30 seconds. This was followed
by incubation on ice for 5 minutes and centrifugation at 20450 x g for 5 minutes. The supernatant
was added to 200 µL of HTR reagent (from the E.Z.N.A. kit), vortexed for 10 seconds and
incubated at room temperature for 2 minutes. Samples were then centrifuged at 20450 x g for 2
minutes and supernatants were transferred into Maxwell®16 DNA Purification Kit cartridges
(Promega; Madison, Wisconsin). The remainder of the extraction protocol was carried out
according to the Maxwell kit instructions.

2.12 DGGE analysis
For DGGE analysis, DNA was extracted from each vessel every 2 days, starting
immediately following inoculation (day 0) until the end of the run. The V3 region (339–539 bp,
Escherichia coli numbering) of the 16S rRNA gene was amplified using primers HDA1 and
HDA2-GC (200). DNA from each sample was amplified in three identical PCR reactions. The
PCR master mix consisted of Tsg DNA polymerase (Bio Basic; Markham, Ontario) and 1x
Thermopol buffer with 2 mM MgSO4 (NEB; Whitby, Ontario), using extracted DNA as a
template. The cycling conditions were: 92ᵒC for 2 min, (92ᵒC for 1 min, 55ᵒC for 30 sec, 72ᵒC for
1 min) x 35; 72ᵒC for 10 min. To confirm the PCR reactions were successful, PCR products were
analyzed by agarose gel electrophoresis (Appendix 1.4.1).
A DGGE standard ladder was prepared using strains available in house from our extensive
collection of human bacterial gut isolates. Strains used were as follows: Coprobacillus sp.
(1/2/53), Enterococcaceae sp. (30/1 aka HMP#323), Veillonella sp. (5/2/43 FAA), Clostridium
sp. (1/1/41 A1 FAA CT2, aka HMP#174), and Propionibacterium sp. (7/6/55B FAA). Strains
with an associated HMP number have been sequenced through the Human Microbiome Project
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(HMP, http://www.hmpdacc.org/reference_genomes/reference_genomes.php). DNA from these
strains was extracted using the method described by Strauss et al. (193). To prepare the ladder,
the V3 region of the 16S gene was amplified for each of these strains and the reactions were
pooled in equal ratios. Identical ladder samples were run on the first and middle lanes of each
DGGE gel.
Samples were concentrated with an EZ-10 Spin Column PCR Products Purification Kit
(Bio Basic), eluted in high-performance liquid chromatography (HPLC) grade water and mixed
with loading dye (0.05% (v/v) bromophenol blue; 0.05% (v/v) xylene cyanol; 70% (v/v) glycerol
in HPLC grade water; Bio-Rad DCode Manual), and loaded on a prepared gel (Appendix 1.4.3).
DGGE was performed using the DCode System (Bio-Rad Laboratories, Hercules, California)
using the method of Muyzer et al. (201) with a 6% (v/v) polyacrylamide gel (Appendix 1.4.4 and
1.4.5). Amplicons were separated using a denaturing gradient of 30-55%, where 100%
denaturing acrylamide was defined as 7 M urea and 40% formamide. Electrophoresis was
performed for 5 h at 60ᵒC and 120 V in 1x Tris-acetate-EDTA (TAE) buffer. Gels were stained
for 10 minutes with ethidium bromide (Sigma-Aldrich), destained for 10 minutes in ddH2O, and
images captured using a SynGene G-Box gel documentation system and GeneSnap software
(version 6.08.04, Synoptics Ltd; Cambridge, UK). The gels were normalized for saturation while
the images were captured.
DGGE gel images were analyzed using the Syngene GeneTools software (version 4.01.03,
Synoptics Ltd). Similarities between DGGE banding patterns were analyzed by calculating
Pearson correlation coefficient values (similarity index values). Similarity index (SI) values
ranged from 0 to 1, with values of 0 indicating two profiles had no bands in common, while
values of 1 indicate the two profiles had identical banding patterns. Correlation coefficients (%
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similarity index values, %SI) were calculated by multiplying the similarity index value by 100. A
dendrogram was generated using Pearson correlation coefficient values and the unweighted pair
group with mathematical averages (UPGMA) method.
Gel-specific vessel comparison “cut-off thresholds” were calculated by comparing the
similarity of identical standard ladder profiles within the same DGGE gel. Identical ladder
profiles should be identical (100% similar), however, due to variations in the gradient across the
width of the DGGE gel or experimental error generally associated with DGGE, these values are
always less than 100%. Sample profiles with correlation coefficient values higher than the cutoff threshold were considered identical. Sample profiles were considered similar if the
correlation coefficient values were within 5% of the cut-off value.

2.13 Community dynamics
The changes within a community over a fixed time frame were measured using moving
window correlation analysis according to the method of Marzorati et al. (202, 203). Each point in
the plot represents the similarity between DGGE profiles from the same vessel on days (x-2) vs.
(x) (203). Plots were used to assess the stability of these communities and the time required to
reach steady state.
Steady state compositions were maintained once rate of change values remained below or
within 5% of the gel-defined cut-off values. The rate of change cut-off thresholds were
calculated by subtracting the vessel comparison cut-off threshold values from 100%.
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2.14 Compensation for DGGE gel-to-gel variation
DGGE Shannon diversity index (H'), Shannon equitability index (EH'), and richness (S)
values (described in the following sections) were adjusted to create plots which illustrated
general patterns of ecological change over the course of a chemostat run. Within a series of gels
the inoculum from each vessel was loaded onto each gel. In addition, the last time point from one
gel was run as the first time point on the next gel to create overlapping time points. H', EH', and S
values for the inocula were compared between all gels within a chemostat run. The gel which
contained H’, EH’, and S values closest to the average values was set as the 'reference gel' to
which values from other gels were aligned (see Figure 2.3). A 'correction value' was determined
for each parameter and gel by calculating the average difference between identical samples
(inoculum and overlapping time points for both vessels). Sample values for aligned gels were
adjusted by adding (or subtracting) the correction value to all samples within the gel. This shifted
all values up (or down) to align overlapping values with the flanking gel. Parameter values for
overlapping time points were averaged. Since the same correction value was added to (or
subtracted from) all values within a gel, relative within-gel differences were maintained. Gels
that flanked the reference gel were aligned to the reference gel, while gels that did not
immediately flank the reference gel were aligned to gels that had been aligned to the reference
gel.

2.15 Phylogenetic microarray (HITChip) analysis
Microbial community composition was evaluated using the Human Intestinal Tract Chip
(HITChip), a phylogenetic microarray that contains over 5000 probes based on 16S rRNA gene
sequences of over 1,100 intestinal bacterial phylotypes (56). Table 2.5 lists the 46 samples
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Figure 2.3 Example of an adjusted band richness plot using data from run A1 (Chapter 3 data).
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Table 2.5 DNA samples analyzed by HITChip analysis.
Chapter 3 samples

Chapter 5 samples Chapter 6 samples Chapter 7 samples
VF1 inoculum
VA inoculum
VA1-1/2 inoculum V1/2 fecal inoculum
VF1 day 36
VA day 36
VA1-1 day 36
V1-P day 36
VD1 inoculum
VA day 44
VA1-2 day 36
V2-P day 36
VD1 day 28
VB inoculum
VA1-1 day 48
V1-P day 41
VM1 inoculum
VB day 36
VA1-2 day 48
V2-P day 41
VM1 day 28
VB day 44
VA2-1/2 inoculum
V1-P day 48
VAB
day 36
VA2-1 day 36
V2-P day 48
VAB day 44
VA2-2 day 36
V1- B1 days 0-36
VB3-1/2 inoculum V2- B1 days 0-36

VB3-1 day 36
V1-B2 days 0-41
VB3-2 day 36
V2-B2 days 0-41
VB4-1/2 inoculum V1-B3 days 36-48
VB4-1 day 36
V2-B3 days 36-48
VB4-2 day 36
V1-B4 days 41-48
VC5-1/2 inoculum V2-B4 days 41-48
VC5-1 day 36
VC5-2 day 36
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analyzed using the HITChip. Two independent hybridisations were performed for each sample
and duplicates with a Pearson correlation over 0.98 were considered for further analysis. Slides’
data were extracted from the microarray images using Agilent Feature Extraction software,
version 10.7.3.1 (http://www.agilent.com). Array normalization was performed with a set of Rbased scripts (http://r-project.org) in combination with a designed relational database that runs
under the MySQL database management system (http://www.mysql.com). Ward’s minimum
variance method was used for the construction of hierarchical clusters of the total microbiota
probe profiles, while the distance matrix between the samples was based on Pearson correlations.

2.16 HITChip statistical data analysis
The stability of the total microbial composition was assessed by Pearson correlation
between the log transformed hybridisation signals for 3699 unique HITChip probes. To evaluate
the significant differences between the microbial composition of the fecal inocula and steady
state (day 36) chemostat communities (Chapter 3) or between planktonic and biofilm samples
(Chapter 5), Wilcoxon signed-rank test corrected for multiple comparisons (using the Benjamini
& Hochberg method) was applied at the genus-like level.
Principal component analysis (PCA) and redundancy analysis (RDA) were performed to
assess bacterial associations under different conditions as implemented in the CANOCO 4.5
software package (Biometrics, Wageningen, the Netherlands). The log transformed hybridization
signals of all probes included in the HITChip or the 131 genus-like level phylogenetic groups
targeted by the HITChip were used as response variables for PCA and RDA respectively.
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2.17 Shannon diversity index
The Shannon diversity index (H’) was calculated as follows (204, 205):

S

(Eq. 2.1)

H '   ( pi )(ln pi )
i 1

For DGGE profiles, S represents the total number of DGGE bands and pi represents the
proportion of the ith band (band peak height). For HITChip data, S represents the total number of
hybridized probe sequences and pi represents the proportion of the ith hybridized probe sequence
(hybridization signal intensity). The minimum value of this index is zero, equal to the value of
H’ for a community with a single species. An increase in H’ may be the result of an increase in
richness, an increase in evenness, or an increase in both.

2.18 Shannon equitability index
The Shannon equitability index (EH’) was calculated as follows (206, 207):

(Eq. 2.2)

EH’ = H’/lnS

where H’ represents the Shannon diversity index and S represents the total number of bands (for
DGGE profiles) or total number of hybridized probe sequences (for HITChip data). An EH’ value
of 0 represents complete community unevenness and a value of 1 represents complete
community evenness.
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2.19 Richness
The number of species present in the ecosystem (richness, S) was approximated by
enumerating the total number of bands (band richness) present in a given DGGE profile, or by
enumerating the total number of hybridized probe sequences (meeting or exceeding a specified
cut-off) for HITChip data (205, 208).
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Chapter 3

Evaluation of microbial community
reproducibility, stability, and composition
in a human distal gut chemostat model
The data presented in Chapter 3 has been prepared as a manuscript and submitted to the
Journal of Microbiological Methods.

3.1 Introduction
Microbial diversity and community composition within the gut are influenced by several
physical, biochemical, and physiological factors (12), and thus it is important to control and
mimic these factors as closely as possible when designing in vitro simulators. Computeroperated chemostat models allow for experimental parameters such as pH, temperature, feed
rate, and oxygen levels to be continuously monitored and automatically adjusted to maintain
consistent environmental conditions. However, while in vitro models provide several advantages
over in vivo models, they are inevitably simplified simulations of the in vivo environment (2).
The reproducibility and stability of microbial communities developed in gut fermentation
models are often poorly defined and frequently criticized (2). To represent a valid model of the
human gut, the communities that develop within these vessels must be reproducible, stable, and
must retain the high level of diversity (including species richness and evenness) seen in their
native counterparts (165). They must also share some similarity to the fecal inocula from which
they were derived (165).
In this study we used a molecular fingerprinting technique (DGGE) and a phylogenetic
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microarray (HITChip; 56) as complementary tools to characterize communities developed in a
'twin-vessel' (independent, identical) single-stage chemostat model of the healthy human distal
gut. The aims of this study were (i) to determine the length of time required for microbial
communities to reach stable or 'steady state' compositions and the length of time these
compositions could be maintained; (ii) to evaluate the within-run reproducibility of communities
developed in twin-vessel single-stage chemostats (technical replicates) as well as the betweenrun repeatability of communities developed in twin-vessel single-stage chemostats using
consecutive fecal donations (biological replicates); (iii) to assess how communities seeded with
feces from different donors develop within our system (alternative biological replicates); (iv) to
obtain phylogenetic information on the communities developed and maintained within this
system, whilst also assessing the comparability between DGGE and HITChip-calculated
parameters.

3.2 Results
Five separate chemostat runs were analyzed in this study: twin-vessels seeded with donor
A feces, first donation (VA1-1 and VA1-2); twin-vessels seeded with donor A feces, second
donation (VA2-1 and VA2-2); twin-vessels seeded with donor B feces, first donation (VB3-1
and VB3-2); twin-vessels seeded with donor B feces, second donation (VB4-1 and VB4-2); twinvessels seeded with donor C feces, single donation (VC5-1 and VC5-2). VA2-1, VA2-2, VB3-1,
VB3-2, VB4-1, VB4-2, VC5-1 and VC5-2 were analyzed until day 36, while VA1-1 and VA1-2
were analyzed until day 48.
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3.2.1 Establishment of steady state microbial community compositions in a twin-vessel single
stage distal gut model
Twin-vessels from five different chemostat runs were analyzed by DGGE to determine the
time required for communities to reach steady state compositions. The length of time required for
twin-vessel correlation coefficients to rise above the gel-defined cut-off thresholds varied
depending on the chemostat run being analyzed. However, all five chemostats were at steady
state by 36 days post-inoculation (Figure 3.1a, Table 3.1). Moving window correlation analysis
showed that rate of change (Δt) values were the highest between days 0-18, but decreased and
stabilized as steady state compositions were established (Figure 3.1b). As with the vessel
correlation coefficients, rate of change values for twin-vessels took varying lengths of time to
drop below the gel-specific cut-off thresholds, but occurred by 34-days post-inoculation in all
five runs (Table 3.1). Band richness values fluctuated in the beginning of the experiment, but
stabilized by 34 days post-inoculation in all five runs (Figure 3.1d, Table 3.1). Shannon diversity
and equitability index values remained relatively stable (H' ± 0.12, EH' ± 0.04 on average)
compared to the other parameters measured, and were therefore less informative regarding the
time required for chemostat communities to reach steady state (Figure 3.1c,e).

3.2.2 Reproducibility of fecal inocula and chemostat communities (technical replicates)
To assess between-vessel reproducibility, two identical twin-vessels (VA1-1 and VA1-2)
were compared until 48 days post-inoculation. VA1-1 and VA1-2 DGGE profiles were 98.1%
similar immediately following inoculation (day 0) and 93.3% similar during steady state (36 days
post-inoculation, Figure 3.2a). VA1-1 and VA1-2 HITChip profiles were 96.3% similar on day
36 and clustered together on PCA and RDA plots (Figures 3.2b, 3.3, and A3.1). Twin-vessel
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Figure 3.1 DGGE community analysis of chemostat runs seeded with feces from three different
healthy donors (donors A, B, and C). With the exception of the plot shown in panel a, each line
represents the average values of samples taken from two identical chemostat vessels (where
similar values were seen between both vessels). Samples were analyzed every two days until
steady state conditions were met (days 0-36). Gel-specific cut-off values are not shown for
simplification purposes. a) Correlation coefficients (expressed as percentages) comparing the
profiles of each vessel at identical time points. b) Community dynamics calculated using moving
window correlation analysis. c) Adjusted Shannon Diversity Index (H’). d) Adjusted band
richness (S). e) Adjusted Shannon equitability index (EH’).
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Table 3.1 Time (in days) to steady state compositions based on measured parameters from
DGGE gels (bracketed numbers refer to values that met the 5% cut-off threshold by day 36).
Parameter

Run A1 Run A2 Run B3 Run B4 Run C5

Vessel Comparison (%SI)

20

34

30

(36)

0

Rate of change (Δt)

18

(34)

28

(34)

30

Band richness (S)

34

34

28

30

30

Time to steady state (days)

34

34

30

36

30

61

Figure 3.2 Dendrogram comparing communities present in twin-vessels for three different
donors (A, B, and C). Dendrograms are based on (a) Pearson and UPGMA correlation (DGGE
profiles) or (b) Pearson correlation and Ward's minimum variance method (HITChip profiles).
HITChip profiles also list the highest phylogenetic level of specificity of probes (level 1) on the
right of panel b. Runs A1, A2, B3, and B4 were used to assess biological repeatability and runs
A1, B3 and C5 were used to compare between-donor differences.
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Figure 3.3 Principal component analysis (PCA) at the oligonucleotide-level based on HITChip
data of the fecal inocula and steady state chemostat communities.
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DGGE correlation coefficients remained above their gel-defined cut-off thresholds between days
20-42 and within 5% of the cut-off thresholds between days 44-46 (Figure 3.4a). On day 48, the
correlation coefficient dropped to 81.7% (by DGGE) or 93.9% (by HITChip).
DGGE cluster tree analysis showed that VA1-1 and VA1-2 fecal inocula (day 0) grouped
with each other but separately from day 34-48 samples (by DGGE, Figure 3.5). VA1-1 and VA12 grouped together between days 34-44, however samples began to cluster separately on day 46.
Fecal inocula and steady state community profiles from each vessel were compared to
determine how the community structure changed following the in vivo to in vitro transition.
DGGE and HITChip analysis showed reproducible changes in microbial populations during
steady state conditions relative to the fecal inoculum (Tables 3.2 and A3.1, Figures 3.6 and
A3.2). These differences are also illustrated in PCA and RDA plots (Figures 3.3 and A3.1).
Moving window correlation analysis showed that twin-vessel communities developed in a
similar manner for the duration of the run (Figure 3.4b). Δt values were larger and more variable
at the beginning of the run (during the stabilization period). Δt values decreased and stabilized as
steady state conditions were established, dropping and remaining below the gel-defined cut-off in
both vessels by day 18. On day 36 (during steady state conditions) Δt values were 9.3% in VA1-1
and 8.3% in VA1-2.
Shannon diversity and equitability index values were reproducible and relatively stable
throughout the course of this chemostat run (Figure 3.4c,e). By DGGE, day 0 H’ values were
3.33 and 3.34 for VA1-1 and VA1-2, respectively, while EH’ values were 0.82 for both vessels.
On day 36, H’ values were 3.30 and 3.34 and EH’ values were 0.80 and 0.81 for VA1-1 and VA12, respectively. By HITChip, the fecal inoculum had an H’ value of 5.93 and EH’ value of 0.82.
On day 36, H’ values were 5.45 and 5.53 and EH’ values were 0.81 and 0.82 for VA1-1 and
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Figure 3.4 DGGE community analysis of two identical chemostat vessels modeling the human
distal gut. The vertical dashed line represents the beginning of steady state conditions. a)
Correlation coefficients (expressed as percentages) comparing the profiles of each vessel at
identical time points. The horizontal dotted line represents the cut-off threshold while the
horizontal dashed line represents the cut-off threshold -5%. b) Community dynamics as shown
using moving window correlation analysis. Variability of the community within each vessel was
calculated by comparing the profile of day (x) and day (x – 2). The horizontal dotted line
represents 100-(cut-off threshold) and the horizontal dashed line represents 100-(cut-off
threshold -5%). c) Shannon Diversity Index (H’) representing the adjusted diversity of each
vessel. d) Band richness (S) representing the adjusted richness of each vessel. e) Shannon
equitability index (EH’) representing the adjusted evenness of each vessel.
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Figure 3.5 Dendrogram based on Pearson and UPGMA correlation of the DGGE profiles
comparing communities cultured in two identical chemostat vessels inoculated with feces from a
healthy donor (Donor A).
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Table 3.2 Percent abundance of higher taxonomic groups (~ phylum/class level) based on
HITChip analysis for the fecal inocula and twin-vessel steady state (day 36) chemostat
communities.
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Donor A
Feces

Higher taxonomic groups

Firmicutes

Donor B
Day 36

Feces

Donor C
Day 36

Feces

Day 36
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Run
A1

Run
A2

VA11

VA12

VA21

VA22

Run
B3

Run
B4

VB31

VB32

VB41

VB42

Run
C5

VC51

VC52

Actinobacteria

1.71

1.31

0.09

0.08

0.10

0.13

9.38

4.83

0.17

0.21

0.20

0.23

5.27

0.35

0.15

Bacteroidetes

19.07

9.65

57.83

53.27

59.70

48.37

17.11

34.87

56.39

51.62

57.40

49.71

47.57

63.42

71.32

Bacilli

1.32

0.80

0.18

0.21

0.21

0.28

3.61

5.55

0.29

0.38

0.22

0.30

0.37

0.32

0.21

Clostridium cluster I

0.20

0.55

0.05

0.05

0.06

0.07

0.05

0.05

0.06

0.09

0.07

0.09

0.06

0.10

0.06

Clostridium cluster III

0.27

0.73

0.19

0.20

0.08

0.16

0.31

0.34

0.02

0.04

0.14

0.04

0.13

0.05

0.04

Clostridium cluster IV

25.29

25.41

23.00

24.53

26.61

31.52

14.56

15.44

13.05

8.82

3.19

8.55

9.05

15.68

12.17

Clostridium cluster IX

0.11

0.10

0.05

0.05

0.06

0.07

0.12

0.11

0.40

0.33

0.44

0.43

0.09

0.13

0.10

Clostridium cluster XI

0.38

0.63

0.13

0.14

0.15

0.17

0.10

0.08

0.13

0.13

0.09

0.13

0.13

0.12

0.07

Clostridium cluster XIII

0.02

0.02

0.01

0.01

0.01

0.02

0.01

0.01

0.02

0.02

0.02

0.02

0.01

0.03

0.02

Clostridium cluster XIVa

50.10

57.24

14.47

17.95

9.84

16.02

54.08

37.88

21.76

31.27

29.88

32.05

36.51

17.22

14.01

Clostridium cluster XV

0.02

0.02

0.12

0.02

0.16

0.20

0.02

0.02

0.61

0.82

0.64

0.81

0.02

0.03

0.02

Clostridium cluster XVI

0.12

0.11

0.04

0.03

0.03

0.04

0.03

0.04

0.04

0.06

0.04

0.05

0.27

0.06

0.05

Clostridium cluster XVII

0.01

0.01

0.00

0.00

0.00
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0.01
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0.01

0.01
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0.02

0.02

0.02
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0.04

0.07
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Figure 3.6 Relative abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for the fecal
inocula and steady state (day 36) chemostat communities.

VA1-2, respectively. DGGE band richness was very reproducible throughout the duration of the
experiment (Figure 3.4d). Reproducible fluctuations in DGGE band numbers were seen between
days 0-34, however values were reproducible and stable between days 34-48. On day 0, VA1-1
and VA1-2 DGGE profiles had 60 bands, while day 36 profiles had 64 bands. HITChip data
showed that the fecal inoculum had hits against 1041 probes on day 0 while VA1-1 and VA1-2
had hits against 692 and 698 probes on day 36, respectively.

3.2.3 Repeatability of steady state communities seeded with consecutive fecal donations from
the same donor (biological replicates)
To characterize biological repeatability, donors A and B provided fecal samples on two
separate occasions to seed 2 consecutive chemostat runs (2 runs per donor, 4 runs total). Fecal
inocula (day 0) and steady state (day 36) communities were compared for donor A (runs A1 and
A2) or B (runs B3 and B4) on a single DGGE gel to allow for direct numerical comparisons.
Note that the use of different DGGE gels for calculation of these values within the technical
replicates section above resulted in minor gel-to-gel variations and thus calculated values here
show minor differences to those above.
Consecutive chemostat runs seeded with different fecal donations from the same donor had
higher within-run (between-vessel) reproducibility than between-run repeatability. Table A3.2
compares Donor A profiles between runs A1 and A2 and Donor B between runs B3 and B4. H’,
EH’, and S values confirmed that within a given run, twin-vessel communities were more
reproducible than the corresponding communities from a consecutive chemostat run (Table
A3.3). Clustering tree analysis showed that between-run day 0 DGGE profiles clustered together,
and between-run day 36 profiles clustered together (for each donor, Figure 3.2). As for the
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technical replicates described above, comparison of fecal inocula and steady state chemostat
communities showed consistent twin-vessel differences between consecutive runs (Table A3.1).
Consecutive chemostat runs had more repeatable fecal inocula than steady state chemostat
communities. Donor A DGGE profiles from runs A1 and A2 were 88.1% similar on day 0 and
72.7% on day 36 (on average). Donor A HITChip profiles from runs A1 and A2 were 94.3%
similar on day 0 and 90.6% on day 36 (on average). Donor B DGGE profiles from runs B3 and
B4 were 86.6% similar on day 0 and 82.3% similar on day 36 (on average). Donor B HITChip
profiles from runs B3 and B4 were 97.4% similar on day 0 and 94.4% similar on day 36 (on
average). Again, H’, EH’, and S values confirmed this observation (Table A3.3).
HITChip data from runs A1 vs. A2 and runs B3 vs. B4 on days 0 and 36 provided
phylogenetic information and illustrated between-run repeatability of fecal and steady state
communities using consecutive fecal donations (Figure 3.6). Twin-vessel day 36 samples had
similar compositions, as shown in Table 3.2 and Figure A3.2. PCA and RDA plots illustrate
between-vessel and between-run grouping of fecal and steady state chemostat samples (Figures
3.3 and A3.1).

3.2.4 Development of microbial communities seeded with feces from different donors
Three chemostat runs (A1, B3, and C5) seeded with feces from different donors (A, B, and
C) were compared to characterize inter-individual variation of communities that developed
within our model. Fecal inocula (day 0) and steady state (day 36) communities from runs A1, B3,
and C5 were compared on a single DGGE gel to allow for direct numerical comparisons.
The steady state profiles from donors A, B, and C retained donor specific signatures
throughout each run. Consecutive runs seeded with feces from the same donor were more similar
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to each other on days 0 or 36 than runs seeded with feces from different donors (Tables A3.2 and
A3.4). For example, on day 0 run A1 HITChip profiles were 94.3% similar to run A2 samples,
but only 70.4% similar to run B3 and 64.9% similar to run C5 samples. On day 36, run A1
HITChip profiles were 90.6% similar to run A2 samples, but only 63.2% similar to run B3 and
70.3% similar to run C5 samples.
Clustering tree analysis showed that day 0 samples clustered more closely with other day 0
samples than with day 36 samples from the same run (and vice versa; Figure 3.2). In general,
comparison of day 0 and 36 samples within each run showed that our chemostat model was not
biased towards more accurate modelling for one donor sample over another (Table A3.1).
HITChip data from runs A1, B3, and C5 on days 0 and 36 provided phylogenetic
information and illustrated between-donor variability of fecal and steady state communities
(Figure 3.6, Table 3.2). PCA and RDA plots illustrate between-run and between-donor grouping
of fecal and steady state chemostat samples (Figures 3.3 and A3.1). HITChip analysis of all five
chemostat runs showed that steady state cultures were enriched in Bacteroidetes but not
Clostridium cluster XIVa, Bacilli or other Firmicutes relative to the corresponding fecal
inoculum (Table 3.3, Figure A3.1).
H’, EH’, and S values indicated that vessels seeded with feces from different donors
resulted in reproducible steady state communities with stable, biologically-relevant levels of
diversity, evenness, and richness (Table A3.3).

3.3 Discussion
Single-stage in vitro models can develop and maintain complex communities derived from
human fecal samples. We compared the colonization process in a twin-vessel single-stage

75

Table 3.3 Comparison of bacterial groups (belonging to higher taxonomic groups) of average
fecal inocula and average steady state (day 36) chemostat communities from all 5 chemostat
runs. P values were calculated using the Wilcoxon signed-rank test corrected for multiple
comparisons (applied at the genus-like level). Shaded p values remain significantly different
after correction. SD = standard deviation.
Level 1
(~ phylum/class level)

Bacteroidetes

Bacilli

Clostridium cluster III
Clostridium cluster IV
Clostridium cluster IX

Clostridium cluster XIVa

Uncultured Clostridiales
Proteobacteria
Verrucomicrobia

Level 2
(genus-like level)
Allistipes et rel.
Bacteroides fragilis et rel.
Bacteroides ovatus et rel.
Bacteroides splachnicus et rel.
Bacteroides stercoris et rel.
Parabacteroides distasonis et rel.
Prevotella ruminicola et rel.
Tannerella et rel.
Aneurinibacillus
Bacillus
Streptococcus bovis et rel.
Streptococcus intermedius et rel.
Streptococcus mitis et rel.
Clostridium stercorarium et rel.
Papillibacter cinnamivorans et rel.
Peptococcus niger et rel.
Bryantella formatexigens et rel.
Clostridium nexile et rel.
Coprococcus eutactus et rel.
Dorea formicigenerans et rel.
Eubacterium hallii et rel.
Eubacterium ventriosum et rel.
Lachnospira pectinoschiza et rel.
Outgrouping Clostridium cluster XIVa
Roseburia intestinalis et rel.
Ruminococcus gnavus et rel.
Ruminococcus lactaris et rel.
Ruminococcus obeum et rel.
Uncultured Clostridiales II
Burkholderia
Escherichia coli et rel.
Akkermansia
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p values
0.153
0.006
0.006
0.153
0.063
0.010
0.006
0.043
0.090
0.121
0.006
0.010
0.010
0.043
0.006
0.121
0.063
0.019
0.006
0.090
0.029
0.006
0.029
0.006
0.006
0.006
0.006
0.006
0.006
0.043
0.029
0.153

Fecal inoculum
abundance (%)
4.00
1.03
1.49
2.21
1.29
3.12
0.55
1.85
0.01
0.01
1.36
0.11
0.65
0.35
0.65
0.03
1.87
2.48
1.56
3.93
0.93
1.29
4.70
2.78
4.28
1.02
0.83
5.43
0.18
0.00
0.02
0.05

SD
1.11
0.73
1.15
1.53
0.83
1.63
0.36
0.60
0.00
0.00
1.26
0.07
0.59
0.20
0.25
0.01
0.74
0.57
1.12
1.03
0.42
0.24
2.68
1.23
0.85
0.17
0.19
1.55
0.11
0.00
0.00
0.04

Day 36
abundance (%)
5.71
6.59
8.52
4.46
2.61
7.58
2.10
2.91
0.01
0.02
0.05
0.02
0.04
0.09
0.07
0.01
0.68
0.71
0.13
1.68
0.21
0.30
0.96
0.61
0.61
0.32
0.12
0.66
1.24
0.03
0.03
1.43

SD
1.20
2.70
1.72
1.00
0.54
2.34
0.41
0.50
0.00
0.01
0.01
0.01
0.02
0.07
0.04
0.00
0.89
0.64
0.05
1.33
0.20
0.19
0.69
0.23
0.54
0.14
0.06
0.22
0.29
0.03
0.01
1.19

chemostat mimicking the distal colon. Five different runs were analyzed for three different
donors for at least 36-days post inoculation. DGGE was used as a molecular fingerprinting
technique to provide an overall view of the microbial community structure, diversity, and
dynamics. After selecting key samples based on DGGE analysis, HITChip analysis was
performed to gather phylogenetic information of the fecal inocula and steady state chemostat
communities.
Inoculation of in vitro chemostat models results in the development of a “newly balanced”
gut microbial ecosystem that is influenced by the initial fecal diversity as well as environmental
conditions imposed by the system (2). Since chemostat models are simplified systems, these
applied environmental conditions can only attempt to simulate those of the host and are unlikely
to be exact replications of the in vivo environment (2). For this reason we have not attempted to
produce an exact copy of the human distal gut in vitro, but rather to culture stable, diverse
communities representative of gut communities that are suitable for the study of experimental
perturbations (2). Invariably, communities developed in the twin-vessel single-stage chemostat
did not contain the initial quantitative composition of the fecal inocula as differences in the ratios
of bacterial populations were noted (as expected; 165, 209). Overall, HITChip analysis showed
that steady state cultures were enriched in Bacteroidetes but not Clostridium cluster XIVa,
Bacilli or other Firmicutes relative to the corresponding fecal inoculum. HITChip data from a
SHIME (multistage semi-continuous gut model) study (165) and a TIM-2 (proximal colon gut
model) study (209) were consistent with our results, as in vitro communities were enriched in
Bacteroidetes but not some Firmicutes (including Clostridium cluster XIVa) in addition to other
differences. It is also important to remember that feces may contain transient species ingested by
the host (e.g. from food) that are not maintained as part of the gut system (210). Overall, the
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compositions of steady state chemostat communities developed within our model were in general
agreement with other in vitro models and representative of the corresponding human fecal
communities.
While growing the gut microbiota outside of the host is the goal of in vitro systems such as
chemostats, these vessels cannot completely mimic the gut environment, including activities
such as the specific absorption of metabolites, secretion of host molecules, or host defensive
mechanisms (including innate and adaptive immunity; 1). In addition, microbes within chemostat
communities could have been lacking essential (not yet identified) nutrients, particular culture
conditions (166), or essential interactions with washed out bacteria (1, 166). Finally, transition
from an in vivo to an in vitro environment could kill sensitive populations of bacteria (165) or
convert stressed populations into a viable but non-culturable state resulting in their wash out
from the system (166).
The ability of a chemostat model to develop robust microbial communities depends on the
certainty that perturbation of composition and function are due to the applied experimental
treatment and not the dynamics associated with adaption to a simulated distal colon environment
(2). Compositional steady state was achieved in our system by 36 days post-inoculation in all
five chemostat runs, however the time to steady state varied according to chemostat run and was
achieved earlier in some runs. Analysis of run A1 over 48 days showed that identical
communities were maintained until day 42, while the communities remained very similar to each
other until day 48. Steady state communities were most easily evaluated by examining the
correlation coefficients comparing duplicate vessels, the moving-window correlation analysis of
both vessels, and band richness plots (Figure 3.1a,b,d). Communities were considered to be at
steady state once the twin-vessel DGGE correlation coefficients rose and stayed above the cut-
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off threshold, once the rate of change values dropped and stayed below the cut-off threshold, and
once band richness stabilized. Diversity and evenness were generally stable regardless of the
time point.
Similar to other gut models, we found that microbial richness was lost following
inoculation of the vessels (165). It may be tempting to initiate experimentation earlier in the run
to examine the effects of perturbation on biologically important taxa lost over time. However, the
development of stable, highly reproducible communities is required for placebo-controlled or
multi-treatment experiments to be conducted on diverse communities simulating the human gut
microbiota (165). To assess the effect of a treatment on community composition and structure it
is important to operate a “test” vessel in parallel with a “control” vessel that contains identical
steady state communities at the time of treatment. Otherwise it cannot be guaranteed that
changes in complex chemostat communities are due to the applied treatment or to adaptation of
the fecal communities to the chemostat system. We propose that the requirement for stability
justifies the loss of diversity in order to ensure reproducibility of developed communities.
Other published studies using in vitro gut models initiated experimental perturbation after
allowing the communities to develop for 1-48 days (165, 172, 184, 187, 203, 211). While some
studies justified the time required to reach steady state, the motivation behind the time period
used in other studies was not always clear. We were unable to find any studies that defined the
steady state window during which stable community compositions could be maintained. While it
is not unexpected that the time to steady state would vary using different chemostat models with
different media compositions, operational parameters and fecal donors, it is important to
establish the time it takes for a community to reach steady state and the length of time steady
state can be maintained before experimentation can begin. It is also important to have a method
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to determine whether steady state compositions have been perturbed following treatment.
In agreement with previously published work (165), our model was able to culture
transient and steady state communities that developed in a similar manner over the course of
each experiment. An initial peak of change was noted at the beginning of each run as the
communities transitioned from an in vivo to an in vitro environment. Changes in community
composition during this transition period resulted in reproducible differences between the fecal
inocula and the corresponding steady state communities. As the communities stabilized within
both vessels the community dynamics decreased and steady state conditions were maintained.
H’, EH’ and S were reproducible upon the establishment of steady state conditions.
While some studies have made an effort to ensure the reproducibility of the communities
developed within their in vitro system (165), other studies never fully confirmed this requirement
(212, 213). Our single-stage chemostat system was able to support the development of two
identical steady state communities which were as reproducible as communities developed in a
multi-stage chemostat system. Van den Abbeele et al. (2010) evaluated the reproducibility of
communities developed in a Simulator of the Human Intestinal Microbial Ecosystem (SHIME)
by simultaneously inoculating two SHIME units with identical fecal material (165). By day 26
they found that the descending colon compartments showed a 76% correlation (by DGGE).
These authors also concluded that steady state communities were developed 21 days postinoculation. In our single-stage chemostat model of the distal gut we found that the communities
developed in two identical vessels were 93.7% similar on day 26 (by DGGE). On day 36, once
the vessels reached steady state, the vessels showed a 93.3% correlation (by DGGE).
There is a general lack of information in the literature regarding the ability of individual
systems to develop reproducible steady state communities seeded from consecutive fecal
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samples. Because biological replicates require consecutive testing of the same donor to account
for sources of error (2), we compared consecutive fecal donations from healthy donors (Donors
A and B) over a 5-6 month period. Within-donor comparison showed that steady state chemostat
communities had high within-run reproducibility, but lower between-run repeatability when
using consecutive fecal donations. Temporal shifts of the fecal microbiota between donations
may be responsible for the inconsistencies in the reproducibility of steady state chemostat
communities (2). In addition, differences between consecutive fecal inocula, combined with the
in vivo to in vitro transition seen upon inoculation of a chemostat, may result in the development
of alternative equilibrium or steady states, as described by the concept of stability landscapes
(62). While this means that direct comparison of results between runs is challenging, high
within-run, between-vessel reproducibility indicates that multiple vessels can be run in parallel
and maintain similar communities that are ideal for experimentation. An alternative approach
would be to inoculate consecutive chemostat runs with a frozen fecal inoculum (214). While this
may increase the repeatability between runs, it could potentially decrease the diversity of the
resulting chemostat cultures. Longer storages times of frozen feces between different runs have
been shown to alter the profiles of communities developed within an in vitro model (214).
Another way to evaluate biological replicates in a chemostat system is to culture fecal
communities from multiple donors (2). Communities developed in our model showed similar
patterns of community development regardless of the fecal donor. Chemostat runs seeded with
feces from each donor resulted in reproducible, stable, and diverse steady state communities.
However, these communities all showed varying degrees of compositional changes as they
transitioned from an in vivo to an in vitro environment, with some steady state communities more
similar to the fecal inoculum than others. Donor-specific variations in the diet, transit time, pH,
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and other physiochemical conditions mean that in vitro systems may more closely mimic the gut
of one individual over another.
Another aim of the between-donor comparisons was to determine whether our system was
able to culture steady state communities that retained unique community profiles (and did not
develop a 'generic' steady state composition). Our data indicates that steady state communities
generally became more similar to each other on day 36 relative to the fecal inoculum, however
donor-specific identities were maintained.
The final alternative to biological replicates is to examine chemostat runs inoculated by
pooling feces from multiple donors. However, this practice may lead to microbe-microbe
interactions not normally seen within the gut microbiota of a single healthy individual, resulting
in communities that may not be representative of a normal human gut ecosystem (2). Future
work will determine how community development is affected by the pooling of fecal
communities in our in vitro gut model.
In conclusion, our study shows that twin-vessel, single stage chemostats can be inoculated
with identical fresh fecal samples from a healthy donor to obtain and maintain stable, diverse,
and reproducible communities that reach steady state by 36-days post-inoculation in all five
chemostat runs analyzed. We note that steady state was achieved earlier in some runs compared
to others, and that, as expected, it was possible to discern a higher level of community similarity
using consecutive donations from the same donor than from different donors. However, we have
determined that care must be taken when using consecutive fecal samples from the same donor
to inoculate successive runs as between-run repeatability may be compromised. In general,
HITChip analysis is a more sensitive technique than DGGE that can provide compositional data
on fecal and chemostat samples. Moreover, we found that vessel correlation coefficients (%SI
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values) were higher when samples were compared by HITChip analyses than when compared by
DGGE (discussed in more detail in chapter 8). Nevertheless, DGGE is a useful, rapid, low-cost
alternative to the HITChip that can be used to target key samples for further analysis.
A well-characterized distal gut model allows the exploration of the etiology of diseaseassociated distal gut microbiota in the absence of host involvement. There is further potential to
facilitate the development of simulated mucosal gut communities in this model using
biologically significant scaffolds. Given the emerging importance of the role of the gut
microbiota in the maintenance of health, as well as increasing evidence that gut microbial
dysbiosis is associated with several disease states (18), modeling the gut ecosystem in vitro
represents a valuable experimental technique. In this work we have attempted to define the
limitations of the technique, as well as to recommend windows of appropriate experimentation.
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Chapter 4

Characterizing perturbation in a
simulated distal gut ecosystem: Effect of
norepinephrine and clindamycin
treatment
4.1 Introduction
Ecosystem stability is thought to be reliant on its complexity, with higher stability found in
more complex ecosystems (215). High diversity results in redundancy, allowing for
compensatory growth following perturbation where the growth of one species increases in
response to the loss of another species in the same functional group (216). Because chemostat
communities are less diverse compared to their fecal inocula (as outlined in Chapter 3), we
wanted to investigate the effect of perturbation on these communities in an effort to further
validate our model.
Microbial communities can be disrupted by several factors, including antibiotics, dietary
changes, microbial infections, surgery or drug treatments (217-219). Several studies in humans
and mice have shown that broad-spectrum antibiotic therapy causes rapid and pronounced
alterations in the composition and function of the gut microbiota (220). Following the cessation
of antibiotic therapy gut communities experience partial taxonomic recovery, arriving at a new,
stable equilibrium (156).
Antibiotic perturbation studies are relatively straightforward as the biological activity of
antibiotics is limited to bacterial members of the gut microbiota. However, gut microbiota

84

perturbation studies are often confounded by host involvement, as it is not always clear whether
the biological activity of the stimulus is directed at the gut microbiota or at host physiological
processes. For example, when an individual is subjected to psychological or physical stress, the
sympathetic and enteric nervous systems respond by releasing catecholamines (such as
norepinephrine, epinephrine, and dopamine), which spill over into the gut lumen (221, 222).
Many people insist that stress can worsen gastrointestinal symptoms, and IBD patients believe
stress has an influence on the onset and relapse of illness (223, 224). However, in vivo studies are
limited as they cannot directly study perturbations following stress responses or catecholamine
addition in isolation of their effects on host physiology. Pure culture studies demonstrate that
some species of pathogens can increase their growth, chemotaxis, motility, adherence to
epithelial cells, and virulence gene expression in response to catecholamines, with
norepinephrine (NE) consistently causing the greatest increase in growth (225-230). However,
pure culture studies fail to replicate the interactions between different members of the gut
microbiota, which is more relevant to the in vivo situation. To date there have not been any
studies investigating the direct effects of catecholamines on gut communities maintained outside
of the host.
Therefore, we used DGGE as a molecular fingerprinting tool to characterize the effect of
defined (treatment with clindamycin) and undefined (treatment with NE) perturbation on the
structure of simulated gut communities developed in our chemostat model. The aims of this
study were to evaluate the effects of (i) a single dose of NE; (ii) sustained NE dosing; and (iii)
sustained clindamycin dosing on steady state chemostat communities.
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4.2 Results
Four separate chemostat runs were analyzed in this study: twin-vessels seeded with donor
B feces and perturbed with a single dose of NE (VB-N1 and VB-N2), twin-vessels seeded with
donor C feces and perturbed with a single dose of NE (VC-N1 and VC-N2), twin-vessels seeded
with donor A feces and perturbed with a sustained dose of NE (VA-N1 and VA-N2), and twinvessels seeded with donor A feces and perturbed with a sustained dose of clindamycin (VA-C1
and VA-C2). VB-N1, VB-N2, VC-N1, VC-N2, VA-C1 and VA-C2 perturbation was initiated on
day 36 and analyzed until day 48. VA-N1 and VA-N2 perturbation was initiated on day 48 and
analyzed until day 60.

4.2.1 Perturbation of chemostat communities using a single dose of norepinephrine
Twin-vessels from two different chemostat runs were analyzed by DGGE to determine
whether a single dose of NE exposure affected the diversity and stability of simulated distal gut
communities. Paired time-points from VB-N1 (+NE) and VB-N2 (+H2O), which were seeded
with donor B feces, were run on the first series of DGGE gels until 48-days post-inoculation
(Figure 4.1a). Paired time-points from VC-N1 (+NE) and VC-N2 (+H2O), seeded with donor C
feces, were run on the second series of DGGE gels until 48 days post-inoculation (Figure 4.1b).
VB-N1 and VB-N2 DGGE correlation coefficients remained above their gel-defined cutoff thresholds between days 30-36 (Figure 4.2a) while VC-N1 and VC-N2 correlation
coefficients remained above their gel-defined cut-off thresholds between days 0-36 (Figure
4.2b), suggesting that steady state was achieved prior to NE addition (36-days post-inoculation).
Following NE addition, VB-N1 and VB-N2 correlation coefficients were above the cut-off
between days 38-40, within the 5% cut-off on day 42, and rose above the cut-off between days
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VC-N2 Day 0
VC-N2 Day 36
VC-N2 Day 38
VC-N2 Day 40
VC-N2 Day 42

b

VC-N1 Day 0
VC-N1 Day 36
VC-N1 Day 38
VC-N1 Day 40
VC-N1 Day 42

VB-N2 Day 0
VB-N2 Day 36
VB-N2 Day 38
VB-N2 Day 40
VB-N2 Day 42

VB-N1 Day 0
VB-N1 Day 36
VB-N1 Day 38
VB-N1 Day 40
VB-N1 Day 42

a

Figure 4.1 DGGE profiles illustrating within-vessel comparisons of chemostat communities
seeded with feces from donor B (VB-N1 and VB-N2) or donor C (VC-N1 and VC-N2)
immediately after inoculation (day 0), during steady state conditions (day 36) and following a
single dose of NE (days 38, 40, 42).
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Figure 4.2 DGGE analysis assessing the effect of a single dose of NE on chemostat communities
seeded with feces from donor B (VB-N1 and VB-N2, panels on the left) or donor C (VC-N1 and
VC-N2, panels on the right). Panels a and b) Correlation coefficients (expressed as percentages)
comparing the profiles of each vessel at identical time points. Panels c and d) Community
dynamics calculated using moving window correlation analysis. Panels e and f) Adjusted
Shannon Diversity Index (H’) plots. Panels g and h) Adjusted Shannon equitability index (EH’)
plots. Panels i and j) Adjusted band richness (S) plots.
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44-48 (Figure 4.2a). VC-N1 and VC-N2 correlation coefficients remained above their geldefined cut-off thresholds following NE addition (between days 36-48; Figure 4.2b). Table 4.1
lists the similarities between twin-vessel DGGE profiles on days 0, 36, 38, 40 and 42.
Clustering tree analysis showed that VB-N1 and VB-N2 profiles clustered with each other
immediately following inoculation (day 0) and during steady state conditions (days 34 and 36;
Figure 4.3a). Following NE addition, VB-N1 and VB-N2 samples clustered together with the
pre-NE samples (days 38-48) with the exception of VB-N1 day 42, which grouped farther from
the rest of the samples. VC-N1 and VC-N2 profiles clustered with each other immediately
following inoculation (day 0) and during steady state conditions (days 34 and 36; Figure 4.3b).
Following NE addition, VC-N1 and VC-N2 samples (days 38-48) clustered with each other and
with pre-NE samples.
VB-N1 and VB-N2 had reproducible rate-of-change values below the gel-defined cut-offs
between days 30-48 with the exception of VB-N1 between days 40-42, which was within 5% of
the cut-off between (VB-N1 Δt = 11.6%, VB-N2 Δt = 5.9; Figure 4.2c). VC-N1 and VC-N2 had
reproducible rate-of-change values that remained below the gel-defined cut-off between days 3248 (Figure 4.2d).
Regardless of the donor, H’, EH’, and S values were reproducible and stable in NE-treated
and control vessels prior to and following NE addition (Figure 4.2e-j, Table 4.2).

4.2.2 Effects of sustained norepinephrine perturbation on gut chemostat communities
Because a single dose of NE did not appear to cause substantial perturbation to chemostat
communities, we decided to assess the reproducibility, stability, and diversity of chemostat
communities exposed to a 5-day course of NE. Paired time-points from VA-N1 (+NE) and
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Table 4.1 Correlation coefficients (%SI) comparing chemostat communities seeded with feces
from donor B (VB-N1 and VB-N2) or donor C (VC-N1 and VC-N2) immediately after
inoculation (day 0), during steady state conditions (day 36) and following a single dose of NE
(days 38, 40, 42).
Day VB-N1 vs. VB-N2 VC-N1 vs. VC-N2
0
95.7
88.4
36
91.6
97.3
38
93.9
97.4
40
92.9
93.5
42
85.5
96.5
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Figure 4.3 Dendrograms comparing the effect of a single dose of NE on chemostat communities
seeded with feces from a) donor B (VB-N1 and VB-N2) or b) donor C (VC-N1 and VC-N2).
Dendrograms are based on Pearson and UPGMA correlation of DGGE profiles.
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Table 4.2 Ecological parameters (diversity, evenness, and richness) for chemostat communities seeded with feces from donor B
(VB-N1 and VB-N2) or donor C (VC-N1 and VC-N2) immediately after inoculation (day 0), during steady state conditions (day
36) and following a single dose of NE (days 38, 40, 42).
Shannon Diversity Index
Shannon Equitability Index
Band Richness
(H')
(EH')
(S)
Day
VB-N1 VB-N2 VC-N1 VC-N2 VB-N1 VB-N2 VC-N1 VC-N2 VB-N1 VB-N2 VC-N1 VC-N2
(+NE) (-NE) (+NE) (-NE) (+NE) (-NE) (+NE) (-NE) (+NE) (-NE) (+NE) (-NE)
0
3.32
3.34
3.24
3.27
0.80
0.81
0.81
0.82
62
62
56
55
36
3.39
3.36
3.09
3.00
0.79
0.78
0.79
0.77
72
72
51
51
38
3.37
3.36
3.05
3.04
0.79
0.79
0.78
0.77
72
72
51
51
40
3.40
3.41
3.00
3.01
0.80
0.80
0.77
0.77
72
72
51
51
42
3.33
3.42
2.96
2.98
0.79
0.81
0.76
0.76
72
72
50
51
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VA-N2 (+H2O), seeded with donor A feces, were run on the third series of DGGE gels until 60
days post-inoculation (Figure 4.4a).
Prior to NE addition, VA-N1 and VA-N2 DGGE correlation coefficients were not within
5% of the gel-defined cut-off thresholds (7.6% from cut-off on day 48; Figure 4.5a). VA-N1 and
VA-N2 were 97.9% similar on day 0 and 83.7% similar on day 48 (Table 4.3). However,
HITChip data obtained for VA-N1 and VA-N2 day 48 samples indicate that they are 93.9%
similar (these samples are referred to as VA1-1 and VA1-2 day 48 samples in chapter 3). VA-N1
and VA-N2 DGGE correlation coefficients increased to within 5% of the gel-defined cut-off
threshold during the NE addition period (days 48-53). Following the NE addition period the VAN1 and VA-N2 correlation coefficients hovered within 0-6.5% of the gel-defined cut-off
threshold. VA-N1 and VA-N2 were 92.7% similar on day 54 and 91.2% similar on day 60
(Table 4.3).
Clustering tree analysis showed that VA-N1 and VA-N2 profiles clustered with each other
immediately following inoculation (day 0; Figure 4.6a). VA-N2 day 48 and VA-N2 day 54
clustered with each other, while VA-N1 day 48 clusters farther out from VA-N2 day 48 and VAN2 day 54. VA-N1 day 54 clusters farther out from VA-N2 day 48 and VA-N2 day 54, but
closer than VA-N1 day 48. While VA-N1 and VA-N2 samples clustered together on day 60, they
clustered farther out from day 48 and 54 samples.
VA-N1 and VA-N2 had reproducible rate-of-change values between days 0-60 (Figure
4.5c). VA-N1 rate-of-change values showed a peak of change between days 52-54, however the
Δt value was within 5% of the gel-defined cut-off (VA-N1 Δt = 8.4%, VA-N2 Δt = 5.0%). With
the exception of VA-N1 days 52-54, VA-N1 and VA-N2 rate-of-change values remained below
the gel-defined cut-off until days 58-60 (average VA-N1 Δt = 6.4% between days 48-58, average
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Figure 4.4 DGGE profiles illustrating within-vessel comparisons of chemostat communities
seeded with feces from donor A a) following a course of NE (VA-N1 and VA-N2) or b)
following a course of clindamycin (VA-C1 and VA-C2).
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Figure 4.5 DGGE analysis assessing the effect of a course of NE (VA-N1 and VA-N2, panels on
the left) or a course of clindamycin (VA-C1 and VA-C2, panels on the right) on chemostat
communities seeded with feces from donor A. Panels a and b) Correlation coefficients
(expressed as percentages) comparing the profiles of each vessel at identical time points. Panels
c and d) Community dynamics calculated using moving window correlation analysis. Panels e
and f) Adjusted Shannon Diversity Index (H’) plots. Panels g and h) Adjusted Shannon
equitability index (EH’) plots. Panels i and j) Adjusted band richness (S) plots. C = clindamycin.
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Table 4.3 Correlation coefficients (%SI) comparing chemostat communities seeded with feces
from donor A following exposure to a course of NE (VA-N1 and VA-N2) or clindamycin (VAC1 and VA-C2). Samples are compared immediately following inoculation (day 0), during
steady state conditions (VA-N1/2 = day 48, VA-C1/2 =day 36), 1 day following perturbation
(VA-N1/2= day 54, VA-C1/2= day 42) , and 7 days following perturbation (VA-N1/2= day 60,
VA-C1/2= day 48). C = clindamycin.
Time point
VA-N1 (+NE) vs. VA-N2 (-NE) VA-C1 (+C) vs. VA-C2 (-C)
Day 0
97.9
90.0
Immediately before perturbation
83.7
91.3
1 day after end of perturbation
92.7
28.2
7 days after end of perturbation
91.2
80.5
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Figure 4.6 Dendrograms comparing the effects of a) a course of NE (VA-N1 and VA-N2) or b) a
course of clindamycin (VA-C1 and VA-C2) on chemostat communities seeded with feces from
donor A. Dendrograms are based on Pearson and UPGMA correlation of DGGE profiles.
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VA-N2 Δt = 4.5% between days 48-58; Figure 4.5c).
VA-N1 and VA-N2 H’, EH’, and S values were also reproducible and stable between days
34-48 (Figure 4.5e,g,i, Table 4.4).

4.2.3 Effects of sustained clindamycin perturbation on gut chemostat communities
Because a single dose of NE and a 5 day course of NE did not appear to cause substantial
perturbation to chemostat communities, we also decided to assess the reproducibility, stability,
and diversity of chemostat communities exposed to a 5 day course of a compound with known
effects (clindamycin). Clindamycin is an antibiotic that is active against most anaerobic bacteria
and has been associated with the greatest risk of C. difficile infection (231, 232). Paired timepoints from VA-C1 (+ clindamycin) and VA-C2 (+H2O), seeded with donor A feces, were run
on the third series of DGGE gels until 48 days post-inoculation (Figure 4.4b).
Prior to clindamycin addition, VA-C1 and VA-C2 DGGE correlation coefficients remained
within 5% of their gel-defined cut-off thresholds between days 32-34 and was above the geldefined cut-off on day 36 (Figure 4.5b). VA-C1 and VA-C2 were 90.0% similar on day 0 and
91.3% similar on day 36 (Table 4.3). Clustering tree analysis showed that VA-C1 and VA-C2
profiles clustered with each other immediately following inoculation (day 0) and during steady
state conditions (day 36; Figure 4.6b). Clustering tree analysis also showed that VA-C2 samples
from days 36, 42, and 48 clustered together.
VA-C1 and VA-C2 correlation coefficients decreased during the clindamycin treatment
period and increased once clindamycin addition was stopped (Figure 4.5b). On day 42 (one day
after the clindamycin treatment period), VA-C1 and VA-C2 were 28.2% similar (Table 4.3).
VA-C1 and VA-C2 correlation coefficients did not recover to pre-clindamycin levels by the end
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Table 4.4 Ecological parameters (diversity, evenness, and richness) for chemostat communities seeded with feces from donor A
following exposure to a course of NE (VA-N1 and VA-N2) or clindamycin (VA-C1 and VA-C2). Samples are compared
immediately following inoculation (day 0), during steady state conditions (VA-N1/2 = day 48, VA-C1/2 =d ay 36), 1 day
following perturbation (VA-N1/2= day 54, VA-C1/2= day 42) , and 7 days following perturbation (VA-N1/2= day 60, VA-C1/2=
day 48).

Time point
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0
Immediately before
perturbation
1 day after end
of perturbation
7 days after end
of perturbation

Shannon Diversity Index
(H')
VA-N1 VA-N2 VA-C1 VA-C2
(+NE)
(-NE)
(+C)
(-C)
3.42
3.41
3.49
3.47

Shannon Equitability Index
(EH')
VA-N1 VA-N2 VA-C1 VA-C2
(+NE)
(-NE)
(+C)
(-C)
0.83
0.83
0.85
0.84

VA-N1
(+NE)
61

Band Richness
(S)
VA-N2 VA-C1
(-NE)
(+C)
61
61

VA-C2
(-C)
61

3.26

3.30

3.42

3.49

0.78

0.79

0.82

0.84

64

65

65

65

3.28

3.29

2.58

3.44

0.78

0.79

0.74

0.82

65

65

33

65

3.29

3.25

3.21

3.36

0.79

0.78

0.84

0.80

66

66

46

65

of the experiment (Figure 4.5b). On day 48, VA-C1 and VA-C2 were 80.5% similar (Table 4.3).
VA-C1 day 42 clustered separately from other untreated samples (VA-C1 day 36 and VAC2 days 36, 41, and 48; Figure 4.6b). VA-C1 day 48 clustered closer to the untreated samples,
but still farther out relative to other untreated samples.
VA-C1 and VA-C2 had reproducible rate-of-change values between days 0-36 (Figure
4.5d). Higher rate-of-change values were noted at the beginning of the experiment during the
transition period (days 0-14). However, the rate-of-change values decreased as the community
developed (days 16-32) and stabilized as steady state was reached (days 34-36). VA-C1 rate-ofchange values showed a peak of change between days 40-42 (VA-C1 Δt= 59.3%, VA-C2 Δt =
17.6%). After day 36, VA-C2 (control vessel) communities maintained low rate-of-change
values (average Δt = 9.2% between days 34-46).
VA-C1 and VA-C2 H’, EH’, and S values were also reproducible between days 16-36 and
stable between days 34-36 (Figure 4.5f,h,j, Table 4.4). VA-C1 H’, EH’, and S values decreased
during the clindamycin treatment period and began to increase once clindamycin addition was
stopped. While VA-C1 H’ and EH’ values recovered to VA-C1 day 36 (pre-clindamycin) and the
corresponding VA-C2 (control) values by the end of the experiment, S values did not fully
recover. VA-C2 H’, EH’ and S remained stable between days 34-48.

4.3 Discussion
We compared the effects of short term (1 dose) and long term (5 day course) NE exposure
on steady state chemostat communities simulating the human distal gut. In both experiments, NE
did not appear to have a substantial effect on the structure of chemostat communities.
Clindamycin treatment allowed us to characterize the effect of perturbation within our system
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using a stimulus that is known to alter the structure of gut communities both in vivo and in vitro
(and will be discussed in detail in Chapter 5). Below, we suggest and discuss several reasons
why no major differences were seen in community structure following NE exposure.
In the first instance, the literature does not clearly define NE concentrations found in the
gut of individuals experiencing heightened stress responses. However, Cogan et al. (2007) used
100 µM NE to test the effects of NE on Campylobacter jejuni virulence (194). Hedge et al.
(2009) used 50 µM NE (baseline NE levels) and 500 µM NE ("supraphysiological" NE levels) to
test the effect of NE on Pseudomonas aeruginosa virulence and gene expression in the gut (233).
Naresh and Hampson (2011) used 50, 100, 500 and 1000 µM NE to test the effects of NE on the
activity of the intestinal intestinal spirochaete Brachyspira pilosicoli (234). Peterson et al.(2011)
used 0, 5, 50, 100, or 2000 µM NE to investigate conjugative gene transfer between enteric
bacteria (195). While the NE concentration used in our study (100 µM) was in line with the
physiological concentration used in previous studies, future studies could use
"supraphysiological" NE concentrations (i.e. 500 µM) to ensure low NE concentrations were not
responsible for the perceived lack of NE-driven perturbation within our system.
A second issue was that chemostat communities analyzed in this study were separately
seeded with feces from healthy donors (donors A, B, and C). Since these donors were healthy,
their gut microbiotas may have been particularly resilient and thus less susceptible to NEinduced gut dysbiosis relative to unhealthy gut communities (215). Microbial imbalances,
reduced diversity, and general instability of microbial communities associated with IBD patients
may instead result in increased susceptibility to stress-induced perturbation (235, 236).
Therefore, future studies will concentrate on investigating the effects of NE exposure on
chemostat communities seeded with feces from IBD patients.
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A third explanation for the perceived lack of NE activity could be due to a lack of host
physiological conditions in our in vitro system. Catecholamines are involved in host
physiological processes, including gastrointestinal motility, transepithelial ion transport, and
immune suppression (237, 238). An alteration in these physiological processes following
exposure to NE in the host has the potential to indirectly alter the composition and function of
the gut microbiota. Our in vitro model is not capable of mimicking these physiological
processes; therefore subtle changes to the gut microbiota driven by these effects will be missed
in a chemostat.
Tsavkelova et al. (2000) reported that some microorganisms can produce NE in an in vitro
system (239). Some species of bacteria have been shown to produce transcripts that share some
similarity to the tryosine hydroxylase enzyme found in mammals (a rate-limiting enzyme in the
NE synthesis pathway; 240, 241). We did not measure NE concentrations or putative tryosine
hydroxylase transcript levels potentially present in our chemostat vessels prior to, during, or
following the NE treatment periods, and thus a fourth reason for our findings is that such
enzymatic activity may have compensated for the increase in NE in our system.
Iron availability is a further factor that may have influenced the results of this work. Pure
culture studies have shown that NE can indirectly increase the growth of members of the gut
microbiota by facilitating bacterial access to host sequestered iron (242). In many pathogens iron
is essential, and iron restriction makes bacterial growth difficult (242). In the intestinal mucosa,
iron is bound by high affinity iron binding proteins (for example, lactoferrin and transferrin;
243). To scavenge iron from the host environment, pathogenic and commensal bacteria secrete
siderophores – low molecular weight catecholate or hydroxamate molecules that capture iron and
present it to bacterial cell surface receptor proteins (194, 242, 244). However, siderophores are
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not always effective at removing iron from host high affinity iron binding proteins (242). It has
been shown that NE, epinephrine, and dopamine help to mediate removal of sequestered iron
from host iron binding proteins, and this has been confirmed in several studies by Freestone et al.
(243, 245-248). Increases in NE during stress could cause the iron bound to lactoferrin or
transferrin in the gut to become more available to the gut microbiota, causing an increase in the
growth of certain bacteria (245, 249, 250). We did not investigate the effect on iron acquisition
by the microbiota within our model, as we first wanted to establish whether there were any direct
effects of NE on microbiota members. To further determine the role of host–derived iron-binding
proteins on the microbiota would require the addition of large amounts of iron-saturated
lactoferrin or transferrin to chemostat cultures, the cost of which would be prohibitive (251).
NE exposure has been proposed to upregulate the expression of virulence factors in
addition to its known effects on growth (252). In enterohaemorrhagic E. coli (EHEC), NE has
been shown to increase chemotaxis, motility, adherence to epithelial cells and the expression of
virulence genes (253). It has also been shown to increase the internalization of EHEC and
Salmonella enterica serovar Choleraesuis in epithelial cells of the jejunal mucosa (254, 255).
Enterotoxigenic E. coli (ETEC) and EHEC strains showed increases in the expression of the K99
pilus adhesin, in response to NE exposure; this adhesin is responsible for adhesion to and
penetration of host tissues (83, 256, 257). In addition, commensal E. coli demonstrated increased
expression of type 1 pili when exposed to NE (258). As well as adhesion molecule elaboration in
response to NE, EHEC also showed an increase in Shiga-like toxin-I and –II (256). When taken
together this evidence suggests that there might have been changes in the expression of virulence
factors by certain microbiota members, but such changes in expression may not have had a
measurable impact on community structure and were therefore undetectable by DGGE. Future
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studies should monitor virulence gene expression in this model, focusing on virulence factors,
such as those mentioned above, that have been shown to be upregulated following exposure to
NE in pure culture studies.
In conclusion, while sustained clindamycin dosing caused large changes in the structure of
chemostat communities (as expected), a single dose of NE or sustained NE dosing did not appear
to have a substantial effects on the structure of chemostat communities. As mentioned
previously, in vitro gut fermentation models provide several advantages over in vivo models and
other in vitro models for studying the effects of perturbation on the gut microbiota. While the
lack of host physiological processes can be viewed as a drawback of in vitro models, a key
benefit is the ability to use such models to determine if a stimulus directly effects gut ecosystem
composition or functionality. However, before we can make conclusions regarding the potential
ineffectiveness of a compound on communities developed within our model, we must first utilize
analysis techniques that do not solely rely on changes in community structure (DNA).
Improvements in technology are currently reaching a point whereby the levels of transcription of
genes within complex communities can be determined, and the application of such
transcriptomic approaches will allow a more detailed study of system perturbation where effects
on community structure may not be a measurable outcome. In addition to identifying the
functions, microbial interactions, and core species important to gut microbiota, defining the
response of gut communities to perturbation may allow us to predict, prevent, or treat future
imbalances or restore diseased microbiota to a healthy state (62).
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Chapter 5

Modeling simulated mucosal and luminal
communities using packed-column
biofilm reactors and an in vitro distal gut
chemostat model
5.1 Introduction
The composition of the gut microbiota varies depending on the segment of the GI tract
being sampled, with the most diverse community found in the distal gut (5, 8, 161). In addition
to heterogeneity along the length of the GI tract, gut communities also vary within an intestinal
segment (161). Previous literature has characterized distinct communities harboured in the gut
lumen (intestinal material or feces) and mucosa (biopsy; 259, 260).
The intestinal epithelium is separated from the gut lumen by a thick mucus layer (161).
Community composition within this layer depends on a variety of factors, including the ability of
microorganisms to bind to, degrade and gain nutrients from mucins, as well as their ability to
resist the actions of host antimicrobial peptides and to tolerate the relatively increased oxygen
levels in this niche (261).
Microbial associations with host mucins may allow microorganisms to persist within the
gut environment through the avoidance of washout as well as protection from the greater
disturbances encountered by their luminal counterparts (262). For example, Van den Abbeele et
al. (2012) found that biofilm communities cultured in a SHIME system with a simulated mucosal
environment (M-SHIME) were enriched in Firmicutes over Bacteroidetes and Proteobacteria
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(263). This is in contrast to planktonic communities cultured from conventional gut fermentation
models, which are enriched in Bacteroidetes and Proteobacteria (165, 172, 184, 209, 264) over
Firmicutes (165, 209). In another study, Van den Abbeele et al. (2012) found that planktonic
populations of Lactobacillus mucosae recovered from antibiotic treatment more quickly when
growing in a M-SHIME unit than when growing in a conventional SHIME model lacking a
mucosal environment (L-SHIME; 262).
Mucosal communities are thought to be particularly important to host health due to their
proximity to the host epithelium (265). While human mucosal communities have been
characterized in vivo by analyzing microorganisms adherent to colonic biopsy specimens (259,
260), specimens collected via endoscopy are often limited to end-point analyses and studies may
be confounded by the use of prior bowel cleansing procedures (260, 262). Thus, dynamic
monitoring of gut microbial communities is often conducted using fecal samples, which are not
representative of mucosal community composition (262).
In vitro models represent a useful alternative to in vivo biopsies for the study of mucosal
communities (262, 263, 266-269). However, such models would benefit from a more detailed
characterization of planktonic and biofilm reproducibility, diversity, and response to
perturbation. In addition, applying strategies to encourage physiologically relevant biofilm
growth could improve in vitro models (263).
In this study, we used packed-column biofilm reactors to incorporate a simulated mucosal
environment into our twin-vessel single-stage chemostat model of the human distal gut. Our aims
were (i) to determine whether planktonic and biofilm communities were reproducible and stable,
(ii) to determine whether planktonic and biofilm communities had distinct microbial
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compositions, and (iii) to determine whether planktonic and biofilm communities responded to
perturbation in a biologically relevant manner.

5.2 Results
In this study, planktonic samples from V1 and V2 (vessels seeded with donor D feces) are
referred to as V1-P (added clindamycin between days 36-41) and V2-P (added water between
days 36-41). Biofilm samples cultured from V1 or V2 between days 0-36 are referred to as V1B1 or V2-B1 (not exposed to clindamycin). Biofilm samples cultured from V1 or V2 between
days 0-41 are referred to as V1-B2 (exposed to clindamycin between days 36-41) or V2-B2
(exposed to water between days 36-41). Biofilm samples cultured from V1 or V2 between days
36-48 are referred to as V1-B3 (exposed to clindamycin between days 36-41) or V2-B3 (exposed
to water between days 36-41). Biofilm samples cultured from V1 or V2 between days 41-48 are
referred to as V1-B4 (growth initiated following the clindamycin treatment period) or V2-B4
(growth initiated following the water addition period).

5.2.1 Planktonic communities developed in mucosal twin-vessel single-stage chemostats were
reproducible and stable
V1 and V2 planktonic community reproducibility, stability, and diversity were compared
to determine whether the incorporation of a simulated mucosal environment interfered with
planktonic community development. V1-P and V2-P samples had reproducible DGGE profiles
between days 0-36 (Figures 5.1, 5.2a). On day 0, V1-P and V2-P were 96.3% similar by DGGE
(Table 5.1). On day 36, V1-P and V2-P were 96.7% similar by DGGE and 98.7% similar by
HITChip (Table 5.1). Vessel correlation coefficient values were above the gel-defined cut-off
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Figure 5.1 DGGE analysis of the planktonic communities from two chemostat vessels modeling
the human distal gut prior to, during, and following a clindamycin treatment period. a)
Correlation coefficients (expressed as percentages) comparing the profiles of each vessel at
identical time points. b) Community dynamics calculated using moving window correlation
analysis. c) Adjusted Shannon Diversity Index (H’). d) Adjusted band richness (S). e) Adjusted
Shannon equitability index (EH’).
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Figure 5.2 Molecular fingerprints representing planktonic (P) and biofilm (B) communities
cultured within a twin-vessel single-stage chemostat. (a) DGGE profiles (b) HITChip profiles.
HITChip profiles also list the highest phylogenetic level of specificity of probes (level 1) on the
right of panel b.
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Table 5.1 Correlation coefficients (%SI) comparing twin-vessel planktonic communities and
twin-vessel biofilm communities by DGGE and HITChip. P=planktonic sample, B=biofilm
sample, NA=not available.
Sample
%SI, by DGGE %SI, by HITChip
P Day 0
96.3
NA
P Day 36
96.7
98.7
P Day 41
48.2
81.4
P Day 48
75.8
87.1
B1 Days 0-36
98.7
99.0
B2 Days 0-41
87.2
97.1
B3 Days 36-48
80.6
90.7
B4 Days 41-48
75.4
83.9
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thresholds immediately following inoculation until day 36 (Figure 5.1a). Similarities between
V2-P samples from days 36, 41, and 48 are shown in Table 5.2. HITChip analysis showed that
V1-P and V2-P had similar compositions on day 36 and V2-P had similar compositions on days
36, 41, and 48 (Figures 5.2b, 5.3, Table 5.3).
Clustering tree analysis showed that V1-P and V2-P profiles clustered with each other
immediately following inoculation (day 0) and during steady state conditions (day 36; Figure
5.4). Clustering tree analysis showed that V2 planktonic samples from days 36, 41, and 48
clustered together; however day 36 and 41 profiles clustered more closely with each other than
with the day 48 profile (Figure 5.4). Planktonic steady state profiles clustered together on PCA
and RDA plots (Figures 5.5, A5.1).
V1-P and V2-P had reproducible rate of change values between days 0-36 (Figure 5.1b).
Higher rate of change values were noted at the beginning of the experiment during the transition
period (days 0-16). However, the rate of change values decreased as the community developed
(days 18-32) and stabilized as steady state was reached (days 34-36; Figure 5.6). After day 36,
V2-P (control vessel) communities maintained low rate of change values (average Δt = 6.6%
between days 34-46) until days 46-48 (Δt = 22.3%; Figures 5.1b, 5.6).
H’, EH’, and S values were also reproducible in V1-P and V2-P samples between days 0-36
(Figure 5.1c,d,e, Table 5.4). Following the inoculation of both vessels, reproducible decreases in
diversity and evenness and a reproducible increase and decrease in band richness was observed.
Upon the establishment of steady state conditions, H’, EH’ and S values stabilized.
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Table 5.2 Correlation coefficients (%SI) comparing within-vessel planktonic samples by DGGE
and HITChip.
%SI, by DGGE %SI, by HITChip
Within-vessel
planktonic comparison
V1
V2
V1
V2
Day 36 vs. Day 41
43.7
96.7
81.5
99.2
Day 36 vs. Day 48
54.8
82.0
89.2
97.3
Day 41 vs. Day 48
79.7
87.4
88.4
96.8
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100%
Actinobacteria

90%

Bacteroidetes
Bacilli

80%

Clostridium cluster I
Clostridium cluster III
Clostridium cluster IV

70%

Relative Contribution

Clostridium cluster IX
Clostridium cluster XI

60%

Clostridium cluster XIII
Clostridium cluster XIVa

50%

Clostridium cluster XV
Clostridium cluster XVI

40%

Clostridium cluster XVII
Clostridium cluster XVIII

30%

Uncultured Clostridiales
Cyanobacteria
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Fusobacteria

20%

Proteobacteria
Spirochaetes

10%

Asteroleplasma
Uncultured Mollicutes

0%

V1/2-P V1-P
V2-P
V1-P
V2-P
V1-P
V2-P V1-B1
inoculum Day 36 Day 36 Day 41 Day 41 Day 48 Day 48

V2-B1

V1-B2

V2-B2

V1-B3

V2-B3

V1-B4

V2-B4

Verrucomicrobia

Figure 5.3 Relative abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for the fecal
inoculum, planktonic communities and biofilm communities.

Table 5.3 Percent abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for the fecal
inoculum, planktonic communities and biofilm communities.
Feces
Higher taxonomic groups
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Firmicutes

Planktonic

Biofilm

V1/2-P
Day 0

V1-P
Day 36

V2-P
Day 36

V1-P
Day 41

V2-P
Day 41

V1-P
Day 48

V2-P
Day 48

V1B1

V2B1

V1B2

V2B2

V1B3

V2B3

V1B4

V2B4

Actinobacteria

0.45

0.36

0.52

0.73

0.44

0.50

0.54

1.50

1.08

2.52

1.86

0.56

0.50

0.54

0.43

Bacteroidetes

21.69

50.01

45.49

63.61

49.15

36.43

47.63

18.72

19.55

27.03

20.70

38.86

22.58

48.68

19.15

Bacilli

0.79

0.65

0.94

1.23

0.77

0.87

0.95

0.79

0.69

1.01

0.87

0.91

0.79

0.93

0.74

Clostridium cluster I

0.18

0.20

0.29

0.39

0.24

0.26

0.30

0.29

0.32

0.40

0.35

0.28

0.26

0.29

0.24

Clostridium cluster III

0.15

0.09

0.14

0.13

0.14

0.11

0.13

0.14

0.25

0.22

0.26

0.19

0.43

0.12

0.37

Clostridium cluster IV

31.01

14.90

15.20

18.45

18.84

29.25

12.24

30.46

35.26

28.21

30.16

31.95

26.06

21.62

31.11

Clostridium cluster IX

1.26

0.31

0.46

0.53

0.38

0.39

0.46

0.46

0.39

0.54

0.52

0.43

0.46

0.41

0.46

Clostridium cluster XI

1.31

0.27

0.37

0.44

0.31

0.31

0.36

0.45

0.38

0.71

0.65

0.32

0.27

0.32

0.25

Clostridium cluster XIII

0.03

0.04

0.05

0.08

0.04

0.05

0.06

0.04

0.04

0.06

0.05

0.05

0.04

0.05

0.04

Clostridium cluster XIVa

39.26

28.86

30.83

9.53

25.06

27.66

22.93

36.01

32.32

29.63

32.62

21.05

30.84

13.92

29.97

Clostridium cluster XV

0.03

0.03

0.05

0.08

0.04

0.05

0.05

0.04

0.04

0.05

0.04

0.05

0.04

0.05

0.04

Clostridium cluster XVI

0.11

0.11

0.16

0.23

0.13

0.16

0.16

0.13

0.12

0.17

0.15

0.16

0.14

0.16

0.13

Clostridium cluster XVII

0.02

0.03

0.04

0.06

0.04

0.04

0.05

0.04

0.03

0.05

0.04

0.05

0.04

0.05

0.03

Clostridium cluster XVIII

0.07

0.08

0.11

0.47

0.09

0.10

0.11

0.10

0.07

0.14

0.10

0.14

0.09

0.15

0.08

Uncultured Clostridiales

1.67

0.79

1.06

1.01

0.71

0.75

10.19

1.45

1.17

1.68

1.41

1.22

1.53

0.73

1.79

Total Firmicutes

75.90

46.36

49.69

32.63

46.78

60.00

47.97

70.40

71.09

62.85

67.23

56.79

61.00

38.81

65.26

Cyanobacteria

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Fusobacteria

0.05

0.07

0.10

0.14

0.08

0.09

0.10

0.08

0.07

0.10

0.09

0.10

0.08

0.10

0.07

Proteobacteria

0.69

1.41

1.93

2.49

1.68

1.79

1.86

5.37

5.34

3.17

4.35

2.94

11.30

11.35

8.45

Spirochaetes

0.01

0.01

0.02

0.03

0.02

0.02

0.02

0.02

0.01

0.02

0.02

0.02

0.02

0.02

0.02

Asteroleplasma

0.01

0.01

0.01

0.02

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Uncultured Mollicutes

0.08

0.11

0.16

0.21

0.13

0.15

0.16

0.12

0.11

0.16

0.14

0.15

0.13

0.16

0.11

Verrucomicrobia

1.11

1.66

2.07

0.13

1.72

0.99

1.70

3.77

2.73

4.11

5.61

0.57

4.39

0.31

6.50

Tenericutes

Figure 5.4 Dendrogram comparing planktonic (P) and biofilm (B) communities cultured in two
identical chemostat vessels. Dendrograms are based on (a) Pearson and UPGMA correlation
(DGGE profiles) or (b) Pearson correlation and Ward's minimum variance method (HITChip
profiles).

119

120

Bacteroidetes
0.8

V1-P Day 36
V2-P Day 41

V2-P Day 48

V2-P Day 36

V1-P Day 41

V1-P Day 48
V2-B2

V1-B2

V2-B1

V1-B3
V1-B4

V1-B1
V2-B3

V2-B4

-0.6
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PC2: 22.3%

V1/2 inoculum

Clostridium cluster IV

-1.0

PC1: 47.2%

1.5

Figure 5.5 Principal component analysis (PCA) at the genus-like level based on HITChip data of the fecal inoculum, planktonic
communities, and biofilm communities. Red arrows indicate shifts in V1-P samples following clindamycin treatment, while green
arrows indicate shifts in V2-P samples (control) following water addition. Light grey circles indicate clustering of planktonic or
biofilm samples not exposed to clindamycin.

Figure 5.6 DGGE profiles illustrating within-vessel comparisons of planktonic communities
from V1 and V2 immediately prior to the clindamycin treatment period (days 34 and 36), during
the clindamycin treatment period (days 38 and 40), and following the clindamycin treatment
period (recovery period, days 42, 44, 46, and 48).
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V2-P Day 48

V2-P Day 0
V2-P Day 34
V2-P Day 36
V2-P Day 38
V2-P Day 40
V2-P Day 42
V2-P Day 44
V2-P Day 46

V1-P Day 36
V1-P Day 38
V1-P Day 40
V1-P Day 42
V1-P Day 44
V1-P Day 46
V1-P Day 48

V1-P Day 34

V1-P Day 0
Added
clindamycin
Added
H2O

Table 5.4 Ecological parameters (diversity, evenness, and richness) for the fecal inocula,
planktonic communities, and biofilm communities as measured using DGGE and the HITChip.
P=planktonic sample, B=biofilm sample, NA=not available.

Analysis Method

DGGE

HITChip

Sample
P Day 0
P Day 36
P Day 41
P Day 48
B1 Days 0-36
B2 Days 0-41
B3 Days 36-48
B4 Days 41-48
P Day 0
P Day 36
P Day 41
P Day 48
B1 Days 0-36
B2 Days 0-41
B3 Days 36-48
B4 Days 41-48

Shannon Diversity Shannon Equitability
Index (H’)
Index (EH’)
V1
V2
V1
V2
3.45
3.47
0.84
0.84
3.11
3.19
0.75
0.77
2.89
3.24
0.74
0.78
2.82
3.17
0.73
0.76
3.08
3.12
0.75
0.76
3.07
3.09
0.74
0.75
2.96
2.96
0.74
0.72
2.74
2.97
0.69
0.72
5.71
0.80
5.13
5.18
0.76
0.78
4.68
5.08
0.72
0.76
5.08
5.13
0.78
0.77
5.60
5.38
0.80
0.78
5.40
5.42
0.78
0.78
5.09
5.33
0.76
0.78
4.84
5.40
0.75
0.79
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Richness
(S)
V1 V2
61 61
64 64
49 64
49 64
61 61
62 61
54 61
52 61
1105
644 552
415 580
480 533
736 743
689 687
582 636
469 665

5.2.2 Twin-vessel biofilm growth was reproducible both between twin vessels and within the
same vessel
V1-B1 and V2-B1 samples were harvested during steady state conditions (day 36) to
characterize between-vessel reproducibility of biofilm communities. Photographs of the biofilms
present in V1-B1 and V1-B2 packed-column reactors are shown in Figure 5.7. V1-B1 and V2-B1
were 98.7% similar by DGGE and 99.0% similar by HITChip (Table 5.1). HITChip analysis
showed that V1-B1 and V2-B1 had similar compositions on day 36 (Figures 5.2b, 5.3, Table
5.3). Clustering tree analysis and the PCA and RDA plots showed that V1-B1 and V2-B1
clustered together (Figures 5.2, 5.4, 5.5, A5.1). V1-B1 and V2-B1 also had reproducible H’, EH’,
and S values, as shown in Table 5.4.
V2 biofilm samples were compared to determine whether biofilm initiation, harvest, and
development times impacted the reproducibility of biofilms cultured from a single vessel.
Photographs of the biofilms present in the V2 packed-column reactors are shown in Figure 5.7.
Within-vessel biofilm formation was the most reproducible when biofilm initiation, harvest, and
development times were more similar, as V2-B1 clustered more closely with V2-B2 while V2B3 clustered more closely with V2-B4 (Figure 5.4, Table 5.5). Clustering tree analysis and the
PCA and RDA plots showed that V2-B1, V2-B2, V2-B3, and V2-B4 clustered together (Figures
5.2, 5.4, 5.5, A5.1, Table 5.5). HITChip analysis showed that V2 biofilms had similar
compositions (Figures 5.2b, 5.3, Table 5.3). In addition, H’ EH’, and S values were also the most
reproducible in these profiles (Table 5.4).
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Figure 5.7 Photographs of columns attached to V1 and V2 on (a) day 36, (b) day 41, and (c) day
48.
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Table 5.5 Correlation coefficients (%SI) comparing within-vessel biofilm samples (B) by DGGE
and HITChip. Values in italics indicate biofilm samples with more comparable initiation,
harvest, and development times, while values not in italics indicate biofilm samples with less
comparable initiation, harvest, and development times.
Within-vessel
biofilm comparison
B1 vs. B2
B1 vs. B3
B1 vs. B4
B2 vs. B3
B2 vs. B4
B3 vs. B4

%SI, by DGGE
V1
V2
80.2
96.6
79.7
91.7
69.4
87.7
77.2
86.9
57.4
85.3
82.0
95.9
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%SI, by HITChip
V1
V2
97.3
99.1
88.1
96.9
81.0
96.6
92.0
95.7
85.3
95.5
96.3
99.5

5.2.3 Planktonic and biofilm communities had distinct community compositions
Biofilm samples were compared to the planktonic communities present at the time of
harvest to determine whether planktonic and biofilm communities had distinct compositions.
HITChip analysis showed that, in the absence of clindamycin, biofilm samples were positively
associated with Firmicutes (especially Clostridium cluster IV), and negatively associated with
Bacteroidetes compared to the steady state planktonic communities (Figure 5.3, Tables 5.3, 5.6).
Table 5.7 lists the correlation coefficient values comparing biofilm samples to samples of the
planktonic community present at the time of biofilm harvest. Clustering tree analysis and the
PCA and RDA plots showed that planktonic and biofilm samples grouped separately from each
other in the absence of clindamycin treatment (Figures 5.4, 5.5, A5.1).
Reproducible differences were seen between V1-B1 and V2-B1 communities and their
corresponding day 36 planktonic samples (Figure 5.2, Table 5.7). These differences were
consistent over time, as comparable differences were seen betweenV2 biofilm samples and the
corresponding V2 planktonic samples (Figure 5.2, Table 5.7). While DGGE showed that H’, EH’,
and S values were slightly lower in biofilm samples compared to planktonic communities present
at time of harvest, HITChip showed that H’, EH’, and S values were slightly higher in biofilm
samples compared to the planktonic communities (Table 5.4).

5.2.4 Clindamycin treatment caused a shift in planktonic community composition
V1 and V2 planktonic communities were compared to characterize the impact of
biologically relevant doses of clindamycin on simulated luminal communities of the distal colon.
V1-P (+ clindamycin) and V2-P (+ H2O) similarity decreased during the clindamycin treatment
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Table 5.6 Genus-like level bacterial groups significantly different (p= 0.02, q= 0.05) between
average planktonic communities and average biofilm communities for samples not exposed to
clindamycin treatment. P values were calculated using the Wilcoxon signed-rank test corrected
for multiple comparisons. The fold changes (biofilm/planktonic samples) shown in green are
>2.5 (higher in biofilm samples) and shown in red are <0.5 (lower in biofilm samples). SD =
standard deviation.
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Level 1
(~ phylum/class level)

Bacteroidetes

Bacilli
Clostridium cluster III
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Clostridium cluster IV

Clostridium cluster IX

Clostridium cluster XIVa

Proteobacteria

Verrucomicrobia

Level 2
(genus-like level)
Alistipes et rel.
Bacteroides fragilis et rel.
Bacteroides ovatus et rel.
Bacteroides plebeius et rel.
Bacteroides splachnicus et rel.
Bacteroides stercoris et rel.
Bacteroides vulgatus et rel.
Prevotella melaninogenica et rel.
Prevotella oralis et rel.
Prevotella ruminicola et rel.
Prevotella tannerae et rel.
Tannerella et rel.
Streptococcus mitis et rel.
Clostridium stercorarium et rel.
Anaerotruncus colihominis et rel.
Clostridium cellulosi et rel.
Clostridium leptum et rel.
Clostridium orbiscindens et rel.
Oscillospira guillermondii et rel.
Ruminococcus bromii et rel.
Subdoligranulum variable at rel.
Dialister
Anaerostipes caccae et rel.
Clostridium sphenoides et rel.
Clostridium symbiosum et rel.
Lachnobacillus bovis et rel.
Lachnospira pectinoschiza et rel.
Ruminococcus obeum et rel.
Burkholderia
Enterobacter aerogenes et rel.
Escherichia coli et rel.
Klebisiella pneumoniae et rel.
Oceanospirillum.
Oxalobacter formigenes et rel.
Serratia
Sutterella wadsworthia et rel.
Xanthomonadaceae
Akkermansia

Planktonic
abundance (%)
1.14
5.25
7.52
0.93
0.59
0.92
19.71
0.66
0.56
0.06
0.50
0.54
0.08
0.12
0.27
0.84
1.81
2.06
4.96
2.79
0.79
0.12
0.29
2.45
19.28
0.28
0.22
1.07
0.05
0.21
0.27
0.09
0.05
0.20
0.01
0.22
0.08
1.79

SD
0.20
0.94
1.52
0.14
0.07
0.17
2.62
0.26
0.16
0.01
0.04
0.06
0.01
0.02
0.03
0.18
0.48
0.33
1.47
0.61
0.04
0.02
0.03
0.22
3.11
0.08
0.03
0.07
0.01
0.03
0.07
0.01
0.01
0.04
0.00
0.02
0.01
0.19

Biofilm
abundance (%)
0.63
1.61
1.93
0.58
0.40
0.52
7.85
0.27
0.24
0.05
0.26
0.34
0.11
0.28
0.69
2.49
3.13
7.88
12.49
0.51
1.08
0.19
0.42
1.79
25.67
0.16
0.33
0.89
0.02
0.13
5.78
0.12
0.04
0.11
0.09
0.14
0.05
4.60

SD
0.06
0.27
0.41
0.09
0.03
0.07
1.27
0.04
0.03
0.00
0.02
0.03
0.01
0.11
0.12
0.30
0.29
1.65
1.28
0.06
0.29
0.02
0.07
0.24
1.87
0.02
0.03
0.06
0.00
0.01
2.84
0.02
0.00
0.01
0.03
0.02
0.01
1.49

Fold change
(biofilm/planktonic)
0.55
0.31
0.26
0.62
0.68
0.57
0.40
0.41
0.43
0.73
0.52
0.63
1.37
2.43
2.50
2.96
1.73
3.84
2.52
0.18
1.37
1.62
1.43
0.73
1.33
0.56
1.46
0.83
0.49
0.61
21.42
1.32
0.73
0.56
6.66
0.63
0.55
2.57

Table 5.7 Correlation coefficients (%SI) comparing biofilm samples to the planktonic samples
from the time of harvest (by DGGE and HITChip).
Comparison
B1 vs. P Day 36
B2 vs. P Day 41
B3 vs. P Day 48
B4 vs. P Day 48

%SI, by DGGE
V1
45.3
60.8
78.9
54.4

V2
54.7
52.9
49.1
49.4
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%SI, by HITChip
V1
V2
89.8
90.6
79.0
89.7
95.7
91.1
94.2
90.9

period and increased once clindamycin addition was stopped (Figures 5.1a, 5.2, 5.6). On day 41,
V1-P and V2-P were 48.2% similar by DGGE and 81.4% similar by HITChip (Table 5.1).
However, V1-P and V2-P similarity did not recover to pre-clindamycin levels by the end of the
experiment (Figure 5.1a). On day 48, V1-P and V2-P were 75.8% similar by DGGE and 87.1%
similar by HITChip (Table 5.1). Clustering tree analysis and the PCA and RDA plots showed
that V1-P samples taken after the clindamycin treatment period clustered separately from other
untreated planktonic samples (Figures 5.4, 5.5, A5.1).
V1 rate of change values showed a peak of change between days 36-38 (V1 Δt= 46.6%, V2
Δt = 6.3%). Δt values were stable in V1 and V2 between days 40-46, however V1 Δt values were
higher than V2 Δt values (average V1 Δt = 13.1%, V2 Δt= 6.1).
HITChip analysis showed that V1-P day 41 was positively associated with Bacteroides
fragilis et rel., Bacteroides ovatus et rel., Subdoligranulum variabile at rel., and Escherichia coli
et rel. compared to planktonic communities not exposed to clindamycin (Figure 5.3, Table 5.8).
V1-P day 41 was negatively associated with some members of the Bacteroidetes and
Firmicutes (especially groups belonging to Clostridium clusters IV and XIVa). V1-P day 48 was
positively associated with Bacteroides fragilis et rel., Clostridium orbiscindens et rel.,
Subdoligranulum variabile at rel., and Dorea formicigenerans et rel. Resistant Bacteroides spp.
appeared to be recovering to normal levels, while other Bacteroides spp. that were reduced
following clindamycin exposure remained present in lower abundances. Clostridium
orbiscindens et rel. showed a 'rebound' effect, where its abundance was decreased immediately
following antibiotic treatment but grew beyond baseline levels during the recovery period.
Subdoligranulum variabile at rel. were still present in higher abundances than baseline levels but
greatly reduced in comparison to their abundance immediately following antibiotic treatment.

132

Table 5.8 Percent abundance of major genus-like level bacterial groups (present at an abundance >0.5% in at least 1 sample) and
fold differences (V1-P clindamycin-exposed sample/average of planktonic samples not exposed to clindamycin). Genus-like
levels are only shown where the fold differences were >2.5 (higher in clindamycin-exposed samples, shown in green) or <0.5
(lower in clindamycin-exposed samples, shown in red).

Higher taxonomic groups

Bacteroidetes

133
Clostridium cluster IV
Firmicutes
Clostridium cluster XIVa
Uncultured Clostridiales
Proteobacteria
Verrucomicrobia

Level 2
(genus-like level)
Bacteroides fragilis et rel.
Bacteroides ovatus et rel.
Bacteroides plebeius et rel.
Bacteroides stercoris et rel.
Bacteroides uniformis et rel.
Bacteroides vulgatus et rel.
Prevotella melaninogenica et rel.
Prevotella oralis et rel.
Prevotella tannerae et rel.
Clostridium cellulosi et rel.
Clostridium leptum et rel.
Clostridium orbiscindens et rel.
Ruminococcus bromii et rel.
Subdoligranulum variabile et rel.
Butyrivibrio crossotus et rel.
Clostridium sphenoides et rel.
Clostridium symbiosum et rel.
Dorea formicigenerans et rel.
Uncultured Clostridiales I
Escherichia coli et rel.
Akkermansia

Average planktonic
abundance
(%) without
clindamycin
5.25
7.52
0.93
0.92
7.73
19.71
0.66
0.56
0.50
0.84
1.81
2.06
2.79
0.79
0.81
2.45
19.28
0.90
2.81
0.27
1.79

V1-P Day 41
abundance (%)

V1-P Day 48
abundance (%)

Fold (V1-P Day 41/
Average planktonic)

Fold (V1-P Day 48/
Average planktonic)

25.39
26.46
0.38
0.51
0.14
2.60
0.30
0.37
0.31
0.38
0.29
0.70
0.09
12.11
0.35
0.94
2.38
1.04
0.59
0.73
0.13

13.52
14.85
0.22
0.34
0.10
2.02
0.20
0.27
0.24
0.30
0.30
16.90
0.10
5.35
0.54
2.77
17.73
3.08
0.43
0.35
0.99

4.84
3.52
0.41
0.56
0.02
0.13
0.45
0.66
0.61
0.45
0.16
0.34
0.03
15.40
0.44
0.39
0.12
1.16
0.21
2.69
0.07

2.58
1.97
0.24
0.37
0.01
0.10
0.30
0.47
0.49
0.36
0.16
8.22
0.04
6.80
0.67
1.13
0.92
3.44
0.15
1.30
0.56

Dorea formicigenerans et rel. was not greatly affected by clindamycin treatment but grew
beyond baseline levels after antibiotic treatment was stopped. V1-P day 48 was negatively
associated with some members of the Bacteroidetes and Firmicutes, however members of
Clostridium cluster XIVa affected by antibiotic treatment generally recovered to baseline
abundances.
V1-P H’, EH’, and S values decreased during the clindamycin treatment period and began
to increase once clindamycin addition was stopped (Figure 5.1c,d,e; Table 5.4). However, V1-P
H’, EH’, and S values did not recover to V1-P day 36 (pre-clindamycin) or the corresponding V2P (control) values by the end of the experiment. V2-P H’, EH’, and S values remained stable
between days 36-48 (Figure 5.1c,d,e; Table 5.4).

5.2.5 Clindamycin treatment altered the structure of simulated mucosal biofilms
V1-B2, V1-B3, and V1-B4 were compared to between-vessel (V2-B2, V2-B3, and V2-B4)
and within-vessel (V1-B1) controls to characterize the effect of community disturbance on
simulated mucosal communities. Photographs of the biofilms present in B2, B3, and B4 packedcolumn reactors on days 41 and 48 are shown in Figure 5.7.
Following clindamycin treatment there was a loss of distinction between biofilm and
planktonic communities. B2, B3, and B4 samples from V1 and V2 became less similar to each
other than B1 samples (Table 5.1). In addition, V1-B2, V1-B3, and V1-B4 were less similar to
V1-B1 compared to the corresponding V2 comparisons (Figure 5.2, Table 5.5). Clustering tree
analysis showed that V1-B2 clustered farther from V1-B1 and V2-B2 (Figures 5.2, 5.4). V1-B3
and V1-B4 clustered farther from other untreated biofilm samples than V1-B2 and clustered
closer to V1-P days 41 and 48. PCA and RDA plots show that V1-B3 and V1-B4 cluster closer
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to V1-P day 48 than other biofilm samples (Figures 5.5, A5.1). PCA and RDA plots also show
that the composition of V1-B2 grouped between the cluster of biofilm samples not exposed to
clindamycin and the cluster of V1-P day 48, V1-B3, and V1-B4.
HITChip analysis indicated that V1-B2 had similar compositions compared to biofilms not
exposed to clindamycin (Figures 5.2, 5.3, Tables 5.1, 5.9). V1-B2 was positively associated with
Bifidobacterium spp., Bacteroides fragilis et rel., and Bacteroides ovatus et rel. compared to
biofilm communities not exposed to clindamycin. V1-B2 was negatively associated with
Bacteroides plebeius et rel., Bacteroides uniformis et rel., and Escherichia coli et rel., however
in general Firmicutes members appeared less affected than those in planktonic samples. V1-B3
and V1-B4 gave comparable results, however V1-B4 was less similar to biofilms not exposed to
clindamycin than V1-B3. V1-B3 and V1-B4 were positively associated with Bacteroides fragilis
et rel., Bacteroides ovatus et rel., Parabacteroides distasonis et rel., Subdoligranulum variable
et rel. and Dorea formicigenerans et rel. and negatively associated with some members of the
Bacteroidetes and Firmicutes.
Diversity, evenness, and richness values from V1 and V2 biofilm samples became less
comparable following exposure to clindamycin (Table 5.4). These differences increased in the
following order: V1-B2, V1-B3, V1-B4.

5.3 Discussion
In this study we characterized simulated luminal and mucosal distal gut communities in our
twin-vessel single-stage chemostat model. We showed that planktonic and biofilm communities
had between- and within-vessel reproducibility upon the establishment of steady state conditions.
Planktonic and biofilm communities had distinct compositions, which were perturbed to different

135

Table 5.9 Percent abundance of major genus-like level bacterial groups (present at an abundance >0.5% in at least 1 sample) and
fold differences (V1-B2, V1-B3 or V1-B4/average of biofilm samples not exposed to clindamycin). Genus-like levels are only
shown where the fold differences were >2.5 (higher in clindamycin-exposed biofilm samples, shown in green) or <0.5 (lower in
clindamycin-exposed biofilm samples, shown in red).

Higher taxonomic groups
Actinobacteria

Bacteroidetes
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Clostridium cluster IV
Firmicutes
Clostridium cluster IX
Clostridium cluster XIVa
Uncultured Clostridiales
Proteobacteria
Verrucomicrobia

Level 2
(genus-like level)
Bifidobacterium
Bacteroides fragilis et rel.
Bacteroides ovatus et rel.
Bacteroides plebeius et rel.
Bacteroides uniformis et rel.
Bacteroides vulgatus et rel.
Parabacteroides distasonis et rel.
Anaerotruncus colihominis et rel.
Clostridium cellulosi et rel.
Clostridium leptum et rel.
Oscillospira guillermondii et rel.
Ruminococcus bromii et rel.
Sporobacter termitidis et rel.
Subdoligranulum variable et rel.
Dialister
Butyrivibrio crossotus et rel.
Clostridium symbiosum et rel.
Dorea formicigenerans et rel.
Uncultured Clostridiales I
Escherichia coli et rel.
Akkermansia

Average biofilm
abundance
(%) without
clindamycin
0.85
1.61
1.93
0.58
3.76
7.85
1.50
0.69
2.49
3.13
12.49
0.51
1.72
1.08
0.19
0.73
25.67
0.76
1.05
5.78
4.60

V1-B2
abundance
(%)

V1-B3
abundance
(%)

V1-B4
abundance
(%)

Fold (V1-B2/
Average
biofilm)

Fold (V1-B3/
Average
biofilm)

Fold (V1-B4/
Average
biofilm)

2.23
5.97
7.94
0.27
0.51
6.39
2.88
0.67
2.21
3.36
8.85
0.32
2.80
2.03
0.18
0.77
21.74
1.12
1.09
1.75
4.11

0.29
13.39
13.95
0.27
0.27
2.33
4.60
0.41
0.87
1.01
9.05
0.16
1.04
13.48
0.12
0.39
12.28
1.99
0.87
1.72
0.57

0.26
18.37
18.25
0.31
0.14
3.12
3.79
0.28
0.43
0.41
3.82
0.07
0.58
11.29
0.09
0.36
6.31
1.99
0.41
9.85
0.31

2.61
3.71
4.11
0.46
0.14
0.81
1.93
0.98
0.89
1.07
0.71
0.63
1.63
1.89
0.92
1.04
0.85
1.49
1.04
0.30
0.89

0.34
8.33
7.22
0.47
0.07
0.30
3.07
0.60
0.35
0.32
0.72
0.32
0.61
12.51
0.60
0.53
0.48
2.63
0.83
0.30
0.12

0.30
11.42
9.45
0.53
0.04
0.40
2.53
0.41
0.17
0.13
0.31
0.14
0.33
10.48
0.49
0.48
0.25
2.63
0.39
1.70
0.07

degrees following antibiotic treatment. Therefore, we conclude that the addition of a packed
column biofilm reactor to our distal gut model provides a convenient method to simultaneously
simulate both mucosal and luminal communities of the human distal gut.
Incorporation of simulated mucosal environments into in vitro gut models creates a more
biologically significant, heterogeneous environment for the development of microbial
ecosystems. However, planktonic and biofilm communities developed in these systems must be
characterized and validated before placebo-controlled or multi-treatment experiments can be
conducted. While previous studies have shown that planktonic communities developed in
luminal gut models are reproducible, planktonic community reproducibility in mucosal gut
models still requires validation (165). In our system, planktonic communities from twin vessels
were stable and had similar compositions by 34-36 days post-inoculation.
In addition to planktonic community diversity, biofilm community reproducibility must
also be validated. To our knowledge, this is the first study characterizing the reproducibility of
simulated mucosal biofilms developed in a gut chemostat model. In our study, simulated
mucosal biofilms developed in packed-column reactors showed high between- and within-vessel
reproducibility. Biofilms harvested from the same vessel were more reproducible when biofilm
initiation, harvest, and development times were similar. Future experiments could characterize
biofilms developed for shorter periods and harvested at regularly spaced, staggered time points.
This would allow for a more dynamic view of biofilm formation that would mimic the regular
renewal of the mucus layer and sloughing off of host epithelial cells in vivo (270).
Simulated luminal and mucosal communities developed within our system had distinct
compositions. Although, as noted in chapter 3, correlation coefficients were higher when
samples were compared by HITChip than by DGGE (~50% similar by DGGE vs. ~90% similar
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by HITChip, see discussion in chapter 8). Studies using an M-SHIME have found that planktonic
and biofilm communities are 14-19% similar by DGGE (on average; 263) or less than 60%
similar by DGGE (262). An in vivo study by Zoetendal et al. (2002) found that matched fecal
samples and descending colon biopsy specimens from healthy individuals were 13.6-91.3%
similar by DGGE (259). In their study, the jaws of the colonoscope were carefully washed with
tap water following biopsy sampling to minimize contamination by non-adherent
microorganisms from the intestinal content. Comparison of our DGGE correlation coefficient
values to the in vivo values obtained by Zoetendal et al. (2002) confirms that both gut models
can develop planktonic and biofilm communities with biologically significant differences in
community composition.
In vivo studies have found an enrichment of Firmicutes (especially Clostridium cluster
XIVa) over Bacteroidetes in human biopsy specimens (compared to fecal samples; 6, 93, 271274). In our study, HITChip analysis showed biofilm samples were positively associated with
Firmicutes (especially Clostridium cluster IV), and negatively associated with Bacteroidetes
compared to steady state planktonic communities. Van den Abbeele et al. (2012) used an MSHIME (mucosal simulator of the human intestinal microbial ecosystem) to culture simulated
luminal and mucosal gut communities (263). They found that Bacteroidetes and Proteobacteria
were enriched in the planktonic phase while Firmicutes (especially Clostridium cluster XIVa)
were enriched in the biofilm phase (263). In another study, Macfarlane et al. (2005) used a twostage mucosal chemostat to model the proximal and distal colon (267). They found that
Bacteroides, Clostridium, and Bifidobacterium spp. were enriched in the planktonic phase while
members of the Bacteroides fragilis group, Enterobacterium spp., and Clostridium spp. were
enriched in the biofilm phase (of the distal colon vessel; 267). Variations in the composition of
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biofilm communities developed in our model relative to previous studies may be due to
differences in the composition of the donor's fecal inoculum, in the type of gut model employed
(e.g. single-stage vs. multistage), in the device used to culture biofilms (e.g. packed-column
reactor vs. microcosms in a netted bag vs. gels in glass tubes), and the analysis techniques (e.g.
HITChip vs. culturing).
In the absence of antibiotic treatment, biofilm sample H’, EH’, and S values were lower
than planktonic sample values by DGGE, but higher than planktonic sample values by HITChip
(Table 5.4). Increased sensitivity of the HITChip relative to DGGE may account for these
differences, as band co-migration can limit proper DGGE band separation (275, 276). Durbán et
al. (2011) found few differences between the average H’ values for fecal and biopsy specimens
from healthy human subjects (260). However, data from each individual showed that biopsy H’
values were higher or lower than the corresponding fecal H’ values depending on the subject of
interest. In addition, it has been proposed that feces consist of luminal and shed/poorly adherent
mucosal microorganisms (260). This means the diversity of planktonic communities may be
higher than that of biofilm communities.
Clindamycin-induced perturbation of chemostat communities caused biologically
significant shifts in the composition of planktonic communities. HITChip results indicated that
clindamycin treatment resulted in a broad reduction of the Bacteroidetes and Firmicutes
(especially groups belonging to Clostridium clusters IV and XIVa) and an increase in the
abundance of clindamycin-resistant Bacteriodetes (Bacteroides fragilis et rel., Bacteroides
ovatus et rel.), Subdoligranulum variabile at rel., and Escherichia coli et rel. While planktonic
communities recovered following clindamycin treatment, recovery was incomplete. Previous
pure culture studies have shown that Bacteroides fragilis (277), Bacteroides ovatus (278), and
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Escherichia coli (279) are resistant to clindamycin. While we were unable to find published
studies describing clindamycin sensitivity in Subdoligranulum variabile isolates, characterization
of isolates from our laboratory suggest that clindamycin sensitivity varies by strain (Table A5.1).
There are several published human studies that have investigated the effects of
clindamycin on the structure of fecal communities. Kager et al. (1981) found that colorectal
surgery patients receiving clindamycin prophylaxis had decreased fecal populations of anaerobic
(Bacteroides spp., Clostridium spp., Bifidobacterium spp., Lactobacillus spp., Fusobacterium
spp., Eubacterium spp., Veillonella spp., Megasphaera spp.) and aerobic (Enterococcus spp. and
Streptococcus spp.) bacteria that recovered following clindamycin treatment (196). Jernburg et
al. (2007) found that clindamycin treatment caused significant disturbances in human fecal
communities (specifically, a sharp decline in Bacteroides diversity), which did not return to their
starting composition following clindamycin treatment, as well as the persistence of clindamycinresistant Bacteroides spp. (consistent with our results, as shown in Figure A5.2; 231).
The effect of clindamycin on the structure of fecal communities has also been studied in
animal models and in vitro gut fermentation models. Fecal samples from mice and hamsters
exposed to clindamycin showed a decrease in gut microbiota diversity, with a reduction in the
abundance of Bacteroidetes and Firmicutes species and an increase in the abundance of
clindamycin-resistant microbes, including some members of the Proteobacteria (280-282).
Edwards et al. (1986) found that the addition of clindamycin to a luminal chemostat model of the
proximal colon resulted in a decrease in planktonic anaerobe diversity, resulting in partial
community recovery for specific clindamycin-resistant Bacteroides species (283). Comparison of
our data to data from other studies is difficult, as previous work has shown that responses to
antibiotics are individualized and influenced by past exposure to the same antibiotic (62).
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However, overall we found that planktonic communities developed within our model responded
to clindamycin treatment in a biologically relevant manner.
Clindamycin treatment also altered the composition of simulated mucosal biofilms. The
impact of clindamycin exposure increased in the following order: mature biofilms (V1-B2),
biofilms forming during clindamycin exposure (V1-B3), biofilms formed following clindamycin
exposure (V1-B4). Previously, pure culture chemostat studies with Pseudomonas aeruginosa
have found that antibiotic susceptibility increased in the following order: old biofilms, young
biofilms, planktonic cells (217, 218). V1-B2 was the oldest biofilm exposed to clindamycin
(cultured for 36 days prior to antibiotic treatment) and the most resistant to clindamycin
treatment. V1-B3 could have initiated biofilm growth early during antibiotic treatment (bacteria
can bind to mucin within 15 minutes; 284, 285), or may have seeded biofilm growth from
sloughed off biofilm cells from V1-B1 or V1-B2 (which could have been more resistant to
antibiotic exposure than planktonic communities). V1-B4 biofilm growth was initiated following
clindamycin exposure, after susceptible planktonic cells may have been removed from the
system. However, sloughed off biofilm cells from V1-B2 or V1-B3 may have been circulated
into the planktonic culture in our system, and thus would have been available to seed V1-B4
biofilm growth.
To date, few studies have investigated the impact of antibiotic exposure on healthy gut
mucosal communities. However, Peterfreund et al. (2012) found that hamsters sensitized to
Clostridium difficile infection using clindamycin had a loss of distinction between cecal luminal
contents and tissue-associated communities (280). In our study we found that biofilms that
formed either during or following clindamycin exposure were more similar to recovering
planktonic communities than to biofilms not exposed to antibiotics. These findings suggest that
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biofilms developed in our model responded to clindamycin in a biologically relevant manner.
Other studies have suggested that antibiotics can influence the composition of microbial
communities. Nomura et al. (2005) found that UC patients receiving three antibiotics
(amoxicillin, tetracycline, and metranidazole) had a significant reduction in Fusobacterium
varium numbers in biopsy specimens and improved clinical and histological scores (286).
Swidsinski et al. (2008) found that UC and indeterminate colitis patients receiving two
antibiotics (metronidazole and ciprofloxacin) had reduced total numbers of bacteria associated
with biopsy specimens, which increased one week following the cessation of antibiotic therapy
(287). As mentioned previously, the proximity of mucosal communities to the host epithelium
means that changes in mucosal community composition may be important to host health (265).
In conclusion, packed-column biofilm reactors were able to successfully incorporate a
simulated mucosal environment in our twin-vessel single-stage chemostat model of the human
distal gut. Planktonic and biofilm communities developed in this model were complex,
reproducible, and biologically significant with distinct compositions. Moreover, these planktonic
and biofilm communities were able to respond to perturbations in a biologically relevant manner.
As a consequence, this model can be effectively used for placebo-controlled or multi-treatment
experiments to simultaneously investigate the effect of perturbations on the gut microbial
ecosystem independent of the effects of stimuli on the host. Examples of studies that could be
conducted in this system include modeling the effects of novel probiotics (single or multispecies), prebiotics, antibiotics, drugs, or genetically modified microorganisms on planktonic and
biofilm communities (262, 263). In vitro infection experiments or fecal transplant experiments
could also be conducted within this system. If diseased mucosal and luminal communities can
also be successfully modeled, novel treatments could be tested in vitro prior to in vivo validation
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(266).
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Chapter 6

Using derived, defined experimental
communities to model the human distal
gut in vitro
6.1 Introduction
Chemostat models of the human gut are generally seeded with fresh feces and cultured
under conditions set to simulate the gut environment. Although fecal donations provide a
convenient source of inoculating material, the resulting complex chemostat communities require
extended periods of time to establish steady state compositions (up to 36 days post-inoculation;
see Chapter 3). This limits the number of experiments that can be conducted within a fixed time
frame and increases the consumption of laboratory materials required to maintain the microbial
communities. In addition, alterations in the composition of a donor's fecal communities between
consecutive donations results in reduced between-run repeatability (relative to within-run
reproducibility; see Chapter 3). Studies have attempted to compensate for between-run variation
by freezing the fecal inoculum in order to preserve it, however previous work has suggested that
culturing microorganisms from frozen fecal samples results in reduced recovery of specific fecal
microorganisms (288). Feria-Gervasio et al. (2011) also showed that increased frozen feces
storage times between different runs resulted in less similar community profiles in an in vitro gut
model (214).
Simplified, defined communities may represent a useful alternative to feces for the study of
human distal gut communities. Defined community composition can be controlled to ensure
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reproducibility between consecutive chemostat runs or to suit the experiment of interest. In
addition, as improvements are made in culturing techniques the composition of defined
communities can be increased to more accurately reflect the native fecal diversity of the host,
both in terms of membership and function. Conversely, defined communities can also be
manipulated to easily model what happens when a given taxonomic group (e.g. genus, family, or
class) is removed from a simulated gut community.
By using defined communities consisting of members with sequenced genomes, more
detailed mechanistic studies can be conducted which would not be possible using undefined fecal
communities. Improvements to genomic sequencing, with the advent of next-generation
sequencing technologies (low-cost, high throughput methods of genomic sequencing), means
microbial genomes are now easy to obtain (289). For example, metatranscriptomic analysis of a
microbial community can provide a snapshot of the gene expression levels (including actively
transcribed ribosomal and messenger RNA) present in the community at the time of sampling
(290). These gene expression profiles allow researchers to directly study how microbial
communities respond to changes in their environment (290). While researchers can obtain these
profiles from undefined communities, changes in gene expression profiles are difficult to
correlate with specific microbes. Access to a defined community consisting of members with
sequenced genomes would allow us to link the expression of transcripts back to members of the
defined community.
To date few attempts have been made to mimic the human gut microbiota using simplified,
defined communities because the fastidious nutritional and environmental conditions required for
growth of most fecal microorganisms often challenges their construction. Of the previous studies
that have formulated defined communities, most were composed of 10 or less species and
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usually consisted of strains isolated from the feces of different donors (25, 154, 291-294). To
more accurately model the interactions that occur in vivo, defined communities should be
composed of microorganisms isolated from the feces of the same donor. Pooling microorganisms
from the feces of different hosts may result in inter-microbe interactions that favour the growth
of specific microbial populations, resulting in steady state communities that are less
representative of a human distal gut ecosystem (2).
Before defined communities can be used as a simulated distal gut community they must be
compared to the fecal communities from which they were derived. Defined communities must
maintain the general characteristics of the distal gut communities if they are to be used for
ecological studies. In this study we compared simplified, defined communities to their respective
originating, complex, undefined fecal communities in a single-stage chemostat model of the
human distal gut. The aims of this study were (i) to evaluate the within-run reproducibility of
fecal and defined communities developed in twin-vessel single-stage chemostats (technical
replicates); (ii) to determine the length of time required for fecal and defined communities to
reach steady state compositions; (iii) to compare fecal and defined steady state chemostat
community compositions to each other and to the fecal inoculum; and (iv) to characterize
community diversity, evenness, and richness between vessels and within the same vessel over
time.

6.2 Results
Three separate chemostat runs were analyzed in this study: twin-vessels seeded with donor
B feces (VF1 and VF2), twin-vessels seeded with DEC (50 cultivable strains from donor B
feces) (VD1 and VD2) and a single vessel seeded with MET-1 (33 cultivable commensal strains

146

from donor B feces) (VM1). Twin-vessels seeded with fecal communities (VF1 and VF2) were
analyzed until 36 days post-inoculation. Of the two vessels seeded with DEC, VD1 was analyzed
until 28 days post-inoculation and VD2 was operated until 14 days post-inoculation. The vessel
seeded with MET-1 (VM1) was analyzed until 28 days post-inoculation.

6.2.1 Twin-vessel reproducibility
Community development in VD1 and VD2 twin-vessels were compared to VF1 and VF2
twin-vessels to characterize ecosystem reproducibility and time to steady state compositions (by
DGGE). Paired time-points from VF1 and VF2 were run on the first series of DGGE gels until
36-days post-inoculation to allow for the direct comparison of the reproducibility and stability of
chemostat communities seeded with feces. Paired time-points from VD1 and VD2 were run on
the second series of DGGE gels until 14-days post-inoculation to allow for the direct comparison
of the reproducibility and stability chemostat communities seeded with DEC.
The length of time required for twin-vessel correlation coefficients to rise above the geldefined cut-off thresholds varied depending on the inoculum (Figure 6.1a,b, Table 6.1). Twinvessel correlation coefficients in VF1 and VF2 rose above the cut-off by 30 days postinoculation (Figure 6.1a). VF1 and VF2 DGGE profiles were 95.1% similar immediately
following inoculation (day 0) and 97.4% similar upon the establishment of steady state (30 days
post-inoculation; Figure 6.2a). Twin vessels seeded with defined communities (VD1 and VD2)
did not drop below their gel-defined cut-off (Figure 6.1b). VD1 and VD2 DGGE profiles were
95.5% similar immediately following inoculation (day 0) and 97.4% similar upon the
establishment of steady state (12 days post-inoculation; Figure 6.2b).
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Figure 6.1 DGGE analyses of twin-vessel chemostat communities seeded with feces (panels on
left) or DEC (panels on right). The vertical dashed line represents the beginning of steady state
conditions. Panels a and b) Correlation coefficients (expressed as percentages) comparing the
profiles of each vessel at identical time points. Panels c and d) Community dynamics calculated
using moving window correlation analysis. Panels e and f) Adjusted Shannon Diversity Index
(H’). Panels g and h) Adjusted Shannon equitability index (EH’). Panels i and j) Adjusted band
richness (S).
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Table 6.1 Time (in days) to steady state compositions based on measured parameters from
DGGE gels. NA = not available.
Parameter
VF1 VD1 VM1
Vessel comparison (%SI)
30
0
NA
Rate of change (Δt)
30
12
12
Band richness (S)
28
12
18
Time to steady state (days) 30
12
18
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Figure 6.2 DGGE profiles representing inocula and steady state communities from twin-vessels.
a) Twin-vessels seeded with feces (VF1 and VF2). b) Twin-vessels seeded with DEC (VD1 and
VD2).
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Moving window correlation analysis showed that twin-vessel communities developed in a
similar manner for the duration of the run (Figure 6.1c,d). Δt values were larger and more
variable at the beginning of the run (during the stabilization period). VF1 and VF2 Δt values
stabilized as steady state conditions were established, dropping and remaining below the geldefined cut-off in both vessels by 28-30 days post-inoculation, where Δt values were 1.0% in
VF1 and 5.2% in VF2. VD1 and VD2 Δt values also stabilized as steady state conditions were
established, dropping and remaining below the gel-defined cut-off in both vessels by 10-12 days
post-inoculation, where Δt values were 6.9% in VD1 and 4.1% in VD2.
Twin-vessels seeded with feces or DEC had reproducible Shannon diversity index (H'),
Shannon equitability index (EH'), and band richness (S) values (Figure 6.1e-j). Twin-vessel H',
EH', and S values are listed in Table 6.2.

6.2.2 VF1, VD1 and VM1 correlation coefficients
VD1 and VM1 were compared to VF1 to determine whether defined communities are
capable of mimicking fecal communities by maintaining overall fecal community structure.
Corresponding time-points from VF1, VD1, and VM1were run on the third series of DGGE gels
until 28-days post-inoculation (for VD1 and VM1) or 36-days post-inoculation (for VF1) to
allow for the direct comparison of chemostat communities seeded with feces to simplified,
defined communities with varying diversity (Figure 6.3). Several samples were analyzed using
the HITChip, including: VF1 inoculum (feces), VF1 day 36, VD1 inoculum (DEC), VD1 day 28,
VM1 inoculum (MET-1), VM1 day 28.
Vessel correlation coefficients showed that communities from VF1, VD1, and VM1 had
distinct compositions (Figure 6.4a). With the exception of VD1 vs. VM1 on day 2, VF1, VD1
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Table 6.2 Ecological parameters (diversity, evenness, and richness) for VF1, VD1, and VM1 inocula (day 0) and steady state
communities (VF1/VF2 = day 30, VD1/VD2 = day 12) as measured using DGGE.
VF-1 VF-2 VF-1
VF-2 VD-1 VD-2 VD-1
VD-2
Day 0 Day 0 Day 30 Day 30 Day 0 Day 0 Day 12 Day 12
Shannon Diversity Index (H’)
3.08
3.07
3.10
3.05
3.44
3.41
3.14
3.17
Shannon Equitability Index (EH’) 0.75
0.75
0.73
0.72
0.83
0.82
0.76
0.76
Richness (S)
60
60
71
71
63
63
63
63
Ecological Parameter
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Figure 6.3 Molecular fingerprints representing the fecal inoculum and steady state communities
from vessels seeded with feces (VF1), DEC (VD1) or MET-1 (VM1). (a) DGGE profiles (b)
HITChip profiles. HITChip profiles also list the highest phylogenetic level of specificity of
probes (level 1) on the right of panel b.
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Figure 6.4 DGGE analysis of chemostat communities seeded with feces (VF1), DEC (VF1) or
MET-1 (VM1). a) Correlation coefficients (expressed as percentages) comparing the profiles of
each vessel at identical time points. b) Correlation coefficients comparing the profiles of each
vessel over the course of the chemostat run to the fecal inoculum (VF1 day 0). c) Community
dynamics calculated using moving window correlation analysis. d) Adjusted Shannon Diversity
Index (H’). e) Adjusted band richness (S). f) Adjusted Shannon equitability index (EH’).
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and VM1 correlation coefficients remained below the gel-defined cut-off thresholds. Similarities
between VF1, VD1 and VM1 inocula and steady state communities are shown in Table 6.3.
Again, the %SI for these samples were higher when they were calculated using the HITChip than
when they were calculated using DGGE (see Chapter 8). Clustering tree analysis (calculated at
the oligonucleotide-level) showed that the VD1 inoculum clustered more closely with the VM1
inoculum than the VF1 inoculum, but the VD1 steady state (day 28) community clustered more
closely with the VF1 steady state (day 36) community than with the VM1 steady state (day 28)
community (Figure 6.5). The PCA plot (calculated at the genus-like level) showed that the VF1
and VD1 inoculum clustered more closely with each other than with the VM1 inoculum, and that
the VF1 and VD1 steady state chemostat communities clustered more closely with each other
than with the VM1 steady state chemostat community (Figure 6.6).
Similarities between the fecal inoculum and VF1, VD1, or VM1 steady state communities
are shown in Figure 6.4b. By DGGE, the fecal inoculum was 39.4% similar to VF1 day 36, 43%
similar to VD1 day 28 and 34% similar to VM1 day 28. By HITChip, the fecal inoculum was
68.0% similar to VF1 day 36, 60.5% similar to VD1 on day 28 and 67.5% similar to VM1 on day
28.

6.2.3 VF1, VD1, VM1 stability and diversity
Moving window correlation analysis showed that the time required for communities to
maintain low rate of change (Δt) values varied depending on the composition of the inoculum
(Figure 6.4c). Low Δt values were maintained by 28-30 days post-inoculation for VF1,
(Δt=5.9%), 10-12 days post-inoculation for VD1 (Δt=4.2%), and 10-12 days post-inoculation for
VM1 (Δt=4.1%; Figure 6.4c).
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Table 6.3 Correlation coefficients (%SI) comparing VF1, VD1, and VM1 inocula (day 0) and
steady state communities (VF1 = day 36, VD1 and VM1 = day 28).
Analysis Method
DGGE

HITChip

Vessel Comparison
VF1 vs. VD1
VF1 vs. VM1
VD1 vs. VM1
VF1 vs. VD1
VF1 vs. VM1
VD1 vs. VM1

%SI, inocula
37.0
48.2
60.0
71.3
75.4
83.0

158

%SI, steady state
66.5
47.3
35.5
79.2
66.0
75.1

Figure 6.5 Dendrogram comparing chemostat communities seeded with feces (VF1), DEC
(VD1), or MET-1 (VM1). Dendrograms are based on (a) Pearson and UPGMA correlation
(DGGE profiles) or (b) Pearson correlation and Ward's minimum variance method (HITChip
profiles).
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Figure 6.6 Principal component analysis (PCA) at the genus-like level based on HITChip data of the VF1, VD1, and VM1
inocula (day 0) and steady state chemostat communities (VF1 = day 36, VD1 and VM1 = day 28). Arrows shown in the plot
correspond to the top 30 genus-like groups that explain most of the variability in the dataset.

H’, EH’, and S values for VF1, VD1, and VM1 inocula and steady state communities are
listed in Table 6.4. DGGE band richness (S) values fluctuated in all three vessels following
inoculation, but stabilized by 28 days post-inoculation in VF1, 12 days post-inoculation in VD1,
and 18 days post-inoculation in VM1 (Figure 6.4e). VF1 Shannon diversity index (H') and
Shannon equitability index (EH') values were stable over the course of the experiment (Figure
6.4d,f). VD1 H' and EH' values were stable from day 2 onwards, after experiencing an initial drop
between days 0-2 (Figure 6.4d,f). However, while VM1 H’ and EH’ values generally stabilized
after day 18, values gradually declined until the end of the experiment (Figure 6.4d,f).

6.2.4 Phylogenetic analysis of VF1, VD1, and VM1
HITChip data provided phylogenetic information for the inocula and steady state
communities (Figure 6.7, Table 6.5). Bacterial groups positively or negatively associated with
steady state defined communities (day 28) relative to the steady state fecal chemostat community
(day 36) are shown for higher-level (~phylum/class) level (Table 6.6) and genus-like level (Table
6.7) comparisons. Table A6.1 lists the species that the HITChip microarray has been validated to
detect for each genus-like group shown in Table 6.7. Even though differences are observed at the
genus-like level, overall comparisons at the phylum/class level show more similar patterns of
community structure.
As expected (5, 6, 25, 26), the fecal inoculum was dominated by four phyla accounting for
99.7% of the microbial diversity: Firmicutes (62.8%), Bacteroidetes (32.0%), Actinobacteria
(4.4%) and Proteobacteria (0.6%) (Table 6.5). Following the establishment of steady state
compositions VF1, VD1, and VM1 chemostat communities were still dominated by these four
phyla. For VF1 day 36, Firmicutes (47.1%) and Bacteroidetes (47.9%) were the most abundant,
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Table 6.4 Ecological parameters (diversity, evenness, and richness) for VF1, VD1, and VM1 inocula (day 0) and steady state
communities (VF1 = day 36, VD1 and VM1 = day 28).

Ecological
Parameter
Shannon
Diversity
Index (H’)
Shannon
Equitability
Index (EH’)
Richness
(S)

By DGGE
Steady State Communities
VM1
VF1
VD1
VM1
Day 0
Day 36 Day 28 Day 28

VF1
Day 0

Inocula
VD1
Day 0

By HITChip
Steady State Communities
VM1
VF1
VD1
VM1
Day 0
Day 36 Day 28 Day 28

VF1
Day 0

Inocula
VD1
Day 0

3.22

3.43

3.36

3.35

3.17

2.98

5.71

5.35

5.30

5.47

5.18

4.92

0.78

0.83

0.81

0.80

0.76

0.72

0.82

0.79

0.80

0.80

0.78

0.77

60

62

62

66

64

61

868

658

581

688

537

465
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Figure 6.7 Relative abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis VF1, VD1, and
VM1 inocula (day 0) and steady state communities (VF1 = day 36, VD1 and VM1 = day 28).

Table 6.5 Percent abundance of higher taxonomic groups (~ phylum/class level) based on
HITChip analysis for VF1, VD1, and VM1 inocula (day 0) and steady state chemostat
communities (VF1 = day 36, VD1 and VM1 = day 28). Percent abundances in lighter greyshaded cells represent values for higher taxonomic groups present in the undefined fecal
communities. Percent abundances in darker grey-shaded cells represent values for higher
taxonomic groups used to compose defined communities.

Higher taxonomic groups

VF1
Day 0
Actinobacteria
4.36
Bacteroidetes
31.98
Bacilli
3.86
Clostridium cluster I
0.12
Clostridium cluster III
0.14
Clostridium cluster IV
15.49
Clostridium cluster IX
0.25
Clostridium cluster XI
0.17
Firmicutes Clostridium cluster XIII
0.02
Clostridium cluster XIVa 42.14
Clostridium cluster XV
0.03
Clostridium cluster XVI
0.16
Clostridium cluster XVII 0.02
Clostridium cluster XVIII 0.12
Uncultured Clostridiales
0.27
Total Firmicutes
62.79
Cyanobacteria
0.00
Fusobacteria
0.04
Proteobacteria
0.60
Spirochaetes
0.01
Asteroleplasma
0.00
Tenericutes
Uncultured Mollicutes
0.07
Verrucomicrobia
0.14

Inocula
VD1
Day 0
4.38
28.65
1.95
0.25
0.06
7.95
0.35
0.28
0.05
34.78
7.21
0.14
0.06
0.39
0.57
54.04
0.01
0.09
12.16
0.02
0.01
0.14
0.49
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Steady State Communities
VM1
VF1
VD1
VM1
Day 0 Day 36 Day 28 Day 28
4.32
0.39
0.54
1.05
14.13 47.93
67.71
54.63
3.06
0.59
0.65
1.39
0.30
0.18
0.19
0.36
0.07
0.05
0.05
0.09
13.45 10.92
15.00
16.05
1.88
1.69
3.04
1.82
0.36
0.21
0.23
0.44
0.06
0.03
0.04
0.07
53.93 32.45
10.03
19.77
4.08
0.31
0.41
0.75
0.16
0.14
0.11
0.19
0.06
0.03
0.03
0.06
0.54
0.07
0.10
0.21
0.65
0.41
0.46
0.78
78.59 47.07
30.34
41.97
0.01
0.01
0.01
0.01
0.10
0.06
0.07
0.12
2.23
1.15
1.13
1.85
0.02
0.01
0.02
0.03
0.01
0.01
0.01
0.01
0.18
0.10
0.12
0.22
0.40
3.27
0.06
0.10

Table 6.6 Fold differences of higher taxonomic groups (~ phylum/class level) comparing
defined steady state communities (VD1 day 28 or VM1 day 28) to a steady state chemostat
community seeded with feces (VF1 day 36). The fold differences (defined steady state
community/VF1 day 36) marked in green are >2.5 (higher in defined steady state samples) and
marked in red are <0.5 (lower in defined steady state samples). Fold differences in light greyshaded cells represent values for higher taxonomic groups used to compose defined
communities.
VD1 Day 28 VM1 Day 28
/VF1 Day 36 /VF1 Day 36
Actinobacteria
1.38
2.69
Bacteroidetes
1.41
1.14
Bacilli
1.10
2.37
Clostridium cluster I
1.11
2.05
Clostridium cluster III
1.05
1.92
Clostridium cluster IV
1.37
1.47
Clostridium cluster IX
1.80
1.07
Clostridium cluster XI
1.08
2.06
Firmicutes Clostridium cluster XIII
1.13
2.02
Clostridium cluster XIVa
0.31
0.61
Clostridium cluster XV
1.33
2.41
Clostridium cluster XVI
0.77
1.36
Clostridium cluster XVII
1.16
2.21
Clostridium cluster XVIII
1.50
3.04
Uncultured Clostridiales
1.12
1.90
Total Firmicutes
0.64
0.89
Cyanobacteria
1.14
2.01
Fusobacteria
1.10
1.97
Proteobacteria
0.99
1.61
Spirochaetes
1.11
2.02
Asteroleplasma
1.17
2.04
Tenericutes
Uncultured Mollicutes
1.16
2.18
Verrucomicrobia
0.02
0.03
Higher taxonomic groups
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Table 6.7 Percent abundance of major genus-like level bacterial groups (present at an abundance >0.5% in at least 1 sample) and
fold differences (defined steady state community/VF1 day 36). Genus-like levels are only shown where the fold differences were
>2.5 (higher in defined steady state samples, marked in green) or <0.5 (lower in defined steady state samples, marked in red).
Higher taxonomic groups
Actinobacteria

Bacteroidetes

Bacilli
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Clostridium
cluster IV

Clostridium
cluster IX
Firmicutes

Clostridium
cluster XIVa

Proteobacteria
Verrucomicrobia

Level 2
(genus-like level)
Bifidobacterium
Alistipes et rel.
Bacteroides ovatus et rel.
Bacteroides splachnicus et rel.
Bacteroides stercoris et rel.
Bacteroides uniformis et rel.
Bacteroides vulgatus et rel.
Parabacteroides distasonis et rel.
Streptococcus bovis et rel.
Faecalibacterium prausnitzii et rel.
Oscillospira guillermondii et rel.
Papillibacter cinnamivorans et rel.
Ruminococcus callidus et rel.
Subdoligranulum variable at rel.
Dialister
Phascolarctobacterium faecium et rel.
Anaerostipes caccae et rel.
Butyrivibrio crossotus et rel.
Clostridium symbiosum et rel.
Eubacterium hallii et rel.
Eubacterium rectale et rel.
Lachnobacillus bovis et rel.
Lachnospira pectinoschiza et rel.
Outgrouping Clostridium cluster XIVa
Roseburia intestinalis et rel.
Enterobacter aerogenes et rel.
Akkermansia

VF1
Day 0
4.19
0.32
1.11
0.22
0.11
0.06
28.28
0.46
2.59
10.92
0.14
1.75
0.62
0.99
0.03
0.07
4.77
1.16
5.47
1.46
2.07
0.43
6.59
5.68
1.01
0.09
0.14

VD1
Day 0
3.79
0.56
1.03
0.39
0.15
1.13
12.74
6.28
0.19
0.38
0.31
1.99
0.14
1.76
0.06
0.08
0.66
0.77
3.31
0.36
0.67
0.41
0.89
7.60
0.81
2.92
0.49

Percent abundance
VM1
VF1
VD1
Day 0 Day 36 Day 28
3.85
0.20
0.23
0.73
0.70
0.94
1.75
5.31
3.10
0.46
0.38
0.47
0.16
0.18
0.24
0.04
2.08
2.83
0.63
25.31
41.00
7.92
1.96
2.17
0.38
0.10
0.11
10.36
4.12
0.26
0.32
1.61
0.25
0.16
0.09
0.25
0.99
0.22
0.12
0.21
3.34
11.50
0.07
1.27
2.10
1.52
0.22
0.75
0.35
0.53
0.23
0.64
5.00
0.24
5.42
9.05
3.81
1.10
0.08
0.06
1.58
0.87
0.25
0.58
12.16
0.18
3.77
0.65
0.48
13.17
0.64
0.31
2.26
0.13
0.72
0.54
0.19
0.09
0.40
3.27
0.06

VM1
Day 28
0.60
1.80
19.97
1.13
0.54
0.12
3.35
14.34
0.38
12.35
0.36
0.17
1.33
0.25
0.09
1.39
0.33
0.37
7.87
0.24
1.77
0.37
2.07
0.82
0.86
0.28
0.10

Fold difference
VD1 Day 28 VM1 Day 28
/VF1 Day 36 /VF1 Day 36
1.15
3.01
1.35
2.57
0.58
3.76
1.23
2.95
1.31
3.00
1.36
0.06
1.62
0.13
1.11
7.30
1.09
3.67
0.06
3.00
0.15
0.23
2.84
1.92
0.57
6.09
3.44
0.08
1.65
0.07
3.46
6.40
0.43
0.62
0.05
0.07
0.42
0.87
0.68
2.85
0.28
2.04
0.02
0.03
0.74
3.18
0.48
1.29
5.54
6.60
0.49
1.45
0.02
0.03

and Actinobacteria (0.4%) and Proteobacteria (1.1%) were present at lower levels. For VD1 day
28, Firmicutes (30.3%) and Bacteroidetes (67.7%) were the most abundant, and Actinobacteria
(0.5%) and Proteobacteria (1.1%) were present at lower levels. For VM1 day 28, Firmicutes
(42.0%) and Bacteroidetes (54.6%) were the most abundant, and Actinobacteria (1.1%) and
Proteobacteria (1.8%) were present at lower levels.
Phylum/class level comparisons showed that VD1 day 28 was comparable to VF1 day 36,
but was negatively associated with Clostridium cluster XIVa and Verrucomicrobia (Table 6.6).
Although VM1 day 28 showed more differences than VD1 day 28, it was still comparable to
VF1 day 36. VM1 day 28 was positively associated with Actinobacteria and Clostridium cluster
XVIII and negatively associated with Verrucomicrobia relative to VF1 day 36 (Table 6.6).

6.3 Discussion
Simplified communities with known compositions provide a more easily studied
alternative to complex, undefined fecal communities for chemostat studies characterizing distal
gut microbial ecology. However, these simplified communities require characterization before
they can be used for experimental purposes to ensure that broad ecological measures are not
compromised by the reduced diversity. In our study, we compared simplified (defined)
chemostat communities to complex, undefined fecal communities derived from the same donor.
We were able to show that successful technical replicates could be obtained using both fecal and
defined communities, as demonstrated by the reproducible steady state communities developed
by twin-vessels inoculated with DEC or feces. Vessels seeded with feces, DEC and MET-1 were
all able to establish steady state compositions, however defined communities (DEC and MET-1)
reached steady state more quickly than fecal chemostat communities. Upon the establishment of
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steady state compositions, vessels seeded with feces or DEC could maintain stable diversity
(including richness and evenness), while the MET-1 community diversity and evenness slightly
decreased between days 18-28 (although richness remained stable). Although DEC and MET-1
communities differed at the genus-like level, overall the steady state communities from all three
vessels showed biologically relevant phylum-level compositions that were comparable to the
fecal inoculum and steady state chemostat communities. We therefore conclude that simplified,
defined communities provide a promising alternative to fecal communities for studies of the
human distal gut ecosystem.
The grouping of VF1, VD1, and VM1 inocula in the clustering trees and PCA plot
depended upon the taxonomic level of analysis (Figures 6.5, 6.6). The HITChip clustering tree
(calculated at the oligonucleotide-level) showed that the VD1 and VM1 inocula clustered more
closely with each other than with the VF1 inoculum (Figure 6.5b). The PCA plot (calculated at
the genus-like level) showed that VF1 and VD1 inocula clustered more closely with each other
than with the VM1 inoculum. Calculations at the oligonucleotide-level (using all the probes in
the chip), analyze samples at the probe level, meaning groupings are more precise. However,
oligonucleotide-level PCA plots are less informative regarding the bacterial associations with
samples as they only illustrate probe associations (e.g. probe HIT1018). Grouping of the data at
the genus-like level allows us to more clearly define bacterial associations (e.g. Roseburia
intestinalis et rel.), but because higher-level groupings are used to calculate these plots, the
distribution of the samples in the PCA plot might differ. It should be noted that the VF1 and
VD1 steady state communities clustered more closely with each other than with the VM1 steady
state community in both the clustering trees and the PCA plot.
The ratios of each bacterial isolate used to construct the defined communities did not
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appear to affect the structure of the resulting steady state chemostat communities. The DEC
inoculum consisted of approximately equal ratios of each microorganism (with the exception of a
few slow growing isolates where less biomass was introduced compared to faster growing
strains). DEC and fecal steady state communities became more similar to each other following
inoculation (at the oligonucleotide-level). In contrast, the MET-1 inoculum consisted of
members added at ratios approximating those noted in human stool samples (104). MET-1 and
fecal steady state communities did not become more similar to each other following inoculation
(at the oligonucleotide-level). Previous experimental results from our laboratory suggested that
the relative population abundances within the defined community inoculum did not affect the
structure of steady state communities (Schroeter, unpublished data). Inoculation of a chemostat
vessel with MET-1 and a reciprocal MET-1 community (where microbial isolates added to
MET-1 at higher abundances were added to reciprocal MET-1 at lower abundances and vice
versa), resulted in similar steady state compositions. These findings are consistent with in vivo
studies, as Becker et al. (2011) showed that inoculation of germ-free rats with equal ratios of 7 or
8 bacterial species isolated from humans resulted in comparable single strain population numbers
in the feces of rats compared to those found in human feces (25).
Defined communities must be able to maintain reproducible, steady state compositions in
order to ensure that modification of the composition or function of a chemostat community is
due to experimentation rather than adaption to the chemostat environment (2). However, because
previous reports in micro- and macroecology have shown that stability is increased with
increases in community diversity, it is important to ensure that the lower diversity of DEC and
MET-1 chemostat communities does not compromise their stability (295-299). In our study we
found that both defined and fecal communities were able to develop reproducible, stable
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communities. Compared to chemostat vessels seeded with feces, defined communities reached
steady state compositions in a shorter time period. Few studies have evaluated these parameters
using defined communities, although Becker et al. (2011) found that germ-free rats inoculated
with a simplified human intestinal microbiota (SIHUMI, consisting of 7 or 8 bacterial species)
developed gut microbial communities that were reproducible and stable over time (25). The high
reproducibility and rapid stabilization of defined communities as well as the lack of ethical
approval required to obtain an inoculum makes them a more attractive alternative to feces for use
as a simulated human gut microbial ecosystem.
Chemostat communities seeded with feces or DEC maintained stable diversity, richness,
and evenness values upon the establishment of steady state compositions. However, while
chemostat communities seeded with MET-1 maintained stable richness values, evenness (and
therefore diversity) values gradually decreased over time. In spite of this, decreases in evenness
and diversity values did not compromise the stability of MET-1 chemostat communities,
although these observations do suggest that defined communities should contain as much
cultivable diversity as possible to maintain balanced compositions. This is especially important if
the defined communities are exposed to experimental perturbations, as functional redundancy is
higher in more complex communities (300).
Because the inocula used for VF1, VD1, and VM1 were composed of different
microorganisms (both in richness and abundance), it cannot be expected that steady state
communities would share identical compositions at the genus-like level. Indeed, at the
oligonucleotide-level and genus-like level communities seeded with feces, DEC or MET-1 had
distinct compositions (Table 6.3 and 6.7). Instead, the aim of this study was to develop defined
communities that were able to maintain the overall characteristics of a fecal chemostat

170

community. Broader comparisons indicated that VF1, VD1 and VM1 chemostat communities
had comparable phylum/class-level abundances (Figure 6.7, Table 6.6). During steady state
conditions, VF1 community structure more closely resembled the VD1 community than theVM1
community, stressing the importance of including as many strains as possible when designing
defined communities. Like VF1 day 0 and VF1 day 36, VD1 day 28 and VM1 day 28
communities were dominated by Bacteroidetes and Firmicutes, with less Proteobacteria and
Actinobacteria. These results are consistent with a previous study conducted by Trosvik et al.
(2010). In this work, a chemostat system was inoculated with a defined microbial community
consisting of four bacterial species, chosen to represent the four main phyla that colonize the
human gastrointestinal tract (154). These species included Bacteroides thetaiotaomicron
(representing Bacteriodetes), Clostridium perfringens (representing Firmicutes), Escherichia coli
(representing Proteobacteria) and Bifidobacterium longum (representing Actinobacteria; 154).
As the community developed, the abundances of these four species gradually mimicked the
phylum-level abundances noted in vivo, with Bacteriodetes and Firmicutes dominating the
community and Proteobacteria and Actinobacteria present at lower levels (154). Inter-microbe
interactions as well as the chemostat environment (e.g. composition of the growth medium, set to
mimic the human gut) may be responsible for the maintenance of these phylum-level ratios
(154).
In this study it was sometimes difficult to correlate genus-like groups with specific
members of the defined communities using HITChip data. HITChip analysis of defined
communities detected positive hits (hybridized probe sequences) for genus-like groups (sequence
similarity ≥ 90%; 56) that did not precisely correspond to the identities of microorganisms that
were used to formulate the defined community inocula. Cross-hybridization with non-target
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sequences and differences in probe binding affinities might result in the classification of genuslike groups as closely related taxa, especially when the specific taxa are not represented on the
microarray (64). However, genus-like groups detected in the defined communities generally
corresponded to the higher taxonomic groups that were included in the defined community
formulations.
HITChip analysis of defined communities also detected low levels of positive hits for
higher taxonomic groups (phylum/class levels) that did not correspond to microorganisms that
were used to formulate the defined community inocula. Cross-hybridization with non-target
sequences and differences in probe binding affinities might also explain the low levels of
"background noise" that correspond to false positives for higher taxonomic groups (64).
Additional HITChip hybridizations for specific cases with lower diversity than fecal samples
(e.g. defined communities) may need to use stricter stringencies to improve the specificity of the
array.
Higher taxonomic level comparisons showed that VD1 day 28 was comparable to VF1 day
36, but was negatively associated with Clostridium cluster XIVa and Verrucomicrobia. VM1 day
28 showed more differences than VD1 day 28, but it was still comparable to VF1 day 36. VM1
day 28 was positively associated with Actinobacteria and Clostridium cluster XVIII and
negatively associated with Verrucomicrobia. It should be noted that the defined communities did
not contain members of the Verrucomicrobia phylum, and thus detected levels of this phylum
may correspond to background noise (Verrucomicrobia abundance = 0.06% in VD1 day 28 and
0.10% in VM1 day 28). Subsequent defined community designs should incorporate
representatives of Verrucomicrobia into their formulations to more accurately mimic the fecal
chemostat community composition. Although fold difference values indicated that members
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from Clostridium cluster XVIII were higher in VM1 day 28 compared to VF1 day 36, the
percent abundance of this group was low in VM1 and may also correspond to background noise
(Clostridium cluster XVIII abundance = 0.21% in VM1 day 28). Likewise, despite the fact that
the abundance of Actinobacteria is higher in VM1 day 28 compared to VF1 day 36, the levels of
this phylum are relatively low in both communities (Actinobacteria abundance = 1.05% in VM1
day 28 and 0.39% in VF1 day 36).
A drawback of the HITChip is that it can only detect taxa which are covered by the
reference sequences (301). In our study Clostridium cocleatum (Clostridium cluster VIII) and
Clostridium lactatifermentans (Clostridium cluster XIVb) were included in defined community
formulations, however they were not specifically targeted by HITChip probe sequences. Future
studies will determine whether these microorganisms could be detected by cross-hybridizations
with probe sequences already present on the HITChip microarray. However, subsequent
microarray designs should incorporate representatives of Clostridium clusters VIII and XVIb
into their set of targeted sequences.
Analysis of fecal communities comparing HITChip and pyrosequencing data showed that
HITChip hybridizations and community profiles correspond well with pyrosequencing data
(301). However, to date there has been no work to compare HITChip data with next-generation
sequencing data from defined communities. Thus, future studies should include an analysis of
archived DNA samples from VF1, VD1, and VM1 using a suitable next-generation sequencing
platform. 16S rDNA profiling data from these samples will allow us to analyze our samples in
more detail (species-level comparisons) and will further validate the HITChip microarray.
In spite of their advantages over fecal communities, the construction of defined
communities provides several challenges. Firstly, obligatory symbiotic relationships between gut
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microbes can make it difficult to culture some microorganisms axenically on agar plates, as what
would appear to be a single colony consisting of one microbial population could actually be a
mixture of two or more microorganisms. Also, passaging of fecal microorganisms on laboratory
growth media may cause isolates to become lab-adapted, resulting in microbial behaviour that is
not characteristic of the behaviour exhibited in vivo (e.g. laboratory reference strains, such as
Escherichia coli strain K12, Pseudomonas aeruginosa strain PAO1 and Staphylococcus aureus
strain COL; 302). However, these challenges are approachable (for example, novel approaches to
culture of the human gut microbiota species are allowing for growth of previously unculturable
organisms) and may be compensated for by the many benefits of using defined communities for
distal gut ecological research.
In conclusion, chemostat vessels seeded with simplified, defined communities can develop
reproducible, stable communities that are generally representative of the distal gut microbiota
community from which they are derived. As a consequence, this opens up many possibilities to
more easily examine microbial interactions of a synthetic fecal community at the molecular level
in a highly controllable manner. As novel culturing techniques facilitate the growth of fastidious
microorganisms, the number of microbes included in preparations of defined communities can be
increased. In addition, formulations of defined communities derived from the stools of diseased
donors (for example, IBD patients) may offer a new approach to the study of gut microbial
dysbiosis. The functionality, resistance and resilience responses of defined communities and the
fecal communities from which they are derived should be carefully compared before any defined
community can be endorsed as a biologically relevant model. The standardization of human
microbial ecology research using innovations such as defined communities may allow
researchers to normalize gut microbiota studies in laboratories worldwide.
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Chapter 7

Assessing interactions between gut
communities from different donors in an
in vitro model of the human distal colon
7.1 Introduction
A major advantage for in vitro gut models is their relative lack of ethical restraints
regarding the experimental manipulation of simulated gut communities (1). In addition to
observational studies, experimental manipulation of gut communities can guide the design of
new therapeutic strategies based on their response to relevant stimuli (137).
Depending on the stimulus applied, disruption of the gut microbiota can be transient or
prolonged. Probiotics and prebiotics only appear to cause transient effects on host physiology
and don't appear to result in long-term, persistent alterations of the gut microbiota (137). As
previously mentioned, antibiotic exposure can cause major short-term disruptions of the gut
microbiota (137). Most gut microbiota experience at least partial taxonomic recovery following
antibiotic treatment, however exposure can shift the gut microbiota to a new, altered steady state
(24). Persistent alterations of the gut microbiota following perturbation suggest experimental
manipulation to benefit host health is a viable option (137).
Some diseases can cause major changes in the structure of gut communities that persist
over time. For example, recurrent CDI has been associated with the collapse of gut microbial
ecosystems where patients cannot recover (or partially recover) their indigenous gut microbiota
following exposure to antibiotics (102, 141, 303). Traditional treatment options for CDI are
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limited, and as such new approaches are currently under development (103, 104, 304).
Fecal bacteriotherapy ('stool transplants') involves administering stool from a healthy
donor to a CDI patient to restore the microbial diversity of the gut (103). This approach has had a
high rate of success at treating CDI, as indicated in both case studies (92% success rate; 305) and
a recent clinical trial (94% success rate; 103). Despite its high effectiveness there are several
limitations to stool transplants (150). Although fecal donors undergo an extensive health screen
to ensure potential pathogens are not transferred to the patient, there is no guarantee the donor
will not become infected with a pathogen in the window between the health screen and donation
(150). In addition, the donor may not show any symptoms of disease but they may carry
opportunistic pathogens that can cause disease in the recipient (especially if the patient is
immunocompromised; 150). Other drawbacks to stool transplants include minimal
reproducibility, low controllability following infusion (not easily monitored or removed), limited
stability (must be processed and administered within a few hours of the donation), and poor
patient acceptability (unpleasant procedure; 150).
An alternative to stool transplants is microbial ecosystem therapeutics (MET, 'synthetic
stool'). MET consists of defined microbial communities comprised of bacterial species isolated
from the feces of individual healthy donors (104). Because these strains have already interacted
and co-evolved with each other in vivo, it is expected that they can co-exist without deleterious
inter-microbe interactions (150). However, it is also possible that they could provide the host
with a synergistic beneficial effect to promote quicker and more complete recovery from
dysbiosis (150). Despite the fact that MET is still in its early developmental stages compared to
stool transplants, preliminary proof-of-principle studies have shown that the prototype MET
formulation, MET-1, was able to resolve disease in two patients with severe recurrent CDI (104).
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Even though MET-1 was only administered to each patient on one occasion, many members of
this introduced community persisted in the patients' gut microbiota for at least 6 months
following treatment (104). Other advantages of MET include moderate reproducibility
(potentially improved when grown in a chemostat, see chapter 6), very good safety (defined
microbial composition), excellent controllability (can be monitored and if necessary removed
using specific antibiotics), excellent stability (can be preserved in the same manner as other
probiotics, e.g. through lyophilisation techniques), and very good patient acceptability (150).
We hypothesized that we could manipulate gut communities established in a chemostat
model to increase the retention of allochthonous (non-resident) microorganisms by first
disrupting them with antibiotics. The aims of this study were thus to i) to determine whether
antibiotic perturbation would aid in the establishment of donor B-derived synthetic stool (MET1) in chemostat communities seeded with donor A feces, and ii) to determine whether the mixture
of two different gut communities results in a donor A-like community, donor B-like community
or a hybrid community.

7.2 Results
7.2.1 Effect of clindamycin treatment and MET-1 supplementation on healthy fecal chemostat
communities
In the first chemostat run, 4 identical vessels were inoculated with donor A feces and
allowed to operate without experimental perturbation until 36 days post-inoculation. Between
days 36-41 increasing doses of clindamycin were added to V( /+) and V( /-) and an equal
volume of water was added to V( /+) and V( /-) (as a control). On day 42 (after one full
changeover of media within each vessel), a single dose of MET-1 was added to V(+/ ) and
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V(-/ ) and an equal volume of saline was added to V(+/ ) and V(-/ ) (as a control). Communities
were maintained in these four vessels until 48 days post-inoculation. These four vessels were
analyzed on the first series of DGGE gels (Figure 7.1).
All four vessels had very similar starting communities, with day 0 DGGE profiles sharing
93.4% similarity (Table 7.1). Steady state was achieved between days 34-36, where V(+/-), V(/+) and V(-/-) shared similar community profiles (Figure 7.2a, Table 7.1). Between days 32-36,
V(+/+) was less similar to the other three vessels with correlation coefficient values below the
gel-defined cut-offs.
V(+/+) and V(+/-) profiles became more similar to each other following clindamycin
treatment, where correlation coefficient values rose above the cut-off threshold on days 40 and
42 (95.6% similar on day 42, Figure 7.2a, Table 7.1). V(-/+) and V(-/-) profiles remained similar
while receiving water dosage between days 36-41 (93.8% similar on day 42). On average,
clindamycin-treated vessels (V(+/+) and V(+/-)) were 33.6% similar to vessels not receiving
clindamycin treatment (V(-/+) and V(-/-)) on day 42 (before MET-1 addition).
Immediately after sampling on day 42 (day 42 (pre) samples), donor B-derived MET-1 was
added to V(+/+) and V(-/+) and saline was added to V(+/-) and V(-/-) (day 42 (post) samples).
Following MET-1/saline addition, day 42 (pre) and day 42 (post) samples were 75.5% similar for
V(+/+), 94.6% similar for V(-/+), 91.1% similar for V(+/-) and 96.3% similar for V(-/-).
By DGGE, the addition of MET-1 to the donor A clindamycin- and water-treated vessels
did not appear to have a lasting impact on the community composition. Following the
clindamycin treatment period and MET-1 addition, V(+/+) and V(+/-) profiles rapidly increased
in similarity to each other, increasing above the gel-defined cut-off between days 46 and 48
(90.9% similar on day 48, Figure 7.2a). Although both V(+/+) and V(+/-) rapidly increased in
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Figure 7.1 DGGE profiles comparing chemostat communities seeded with feces from donor A.
a) immediately following inoculation on day 0, b) during steady state conditions on day 36, c) 1
day following the end of the clindamycin treatment/water addition period and just prior to MET1/saline addition on day 42, d) MET-1 inoculum, e) immediately following MET-1/saline
addition on day 42, and f) on the last day of the experiment on day 48.
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a
b
c
d
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e
f
V(+/+) Day 48
V(+/-) Day 48
V(-/+) Day 48
V(-/-) Day 48

V(+/+) Day 42 (post)
V(+/-) Day 42 (post)
V(-/+) Day 42 (post)
V(-/-) Day 42 (post)

MET-1

V(+/+) Day 42 (pre)
V(+/-) Day 42 (pre)
V(-/+) Day 42 (pre)
V(-/-) Day 42 (pre)

V(+/+) Day 36
V(+/-) Day 36
V(-/+) Day 36
V(-/-) Day 36

V(+/+) Day 0
V(+/-) Day 0
V(-/+) Day 0
V(-/-) Day 0

Table 7.1 Correlation coefficients (%SI) comparing chemostat communities seeded with donor
A feces immediately following inoculation (day 0), during steady state conditions (day 36), 1 day
following clindamycin treatment prior to MET-1 addition (day 42 (pre)), 1 day following
clindamycin treatment and MET-1 addition (day 42 (post)),and at the end of the experiment (day
48).
Day
V(+/+) vs. V(+/-) V(+/+ ) vs. V(-/-) V(+/-) vs. V(-/-) V(-/+) vs. V(-/-)
0
96.8
89.8
90.0
93.4
36
76.5
72.6
91.3
96.9
42 (pre-MET-1)
95.6
37.6
28.2
93.8
42 (post-MET-1)
78.6
47.5
41.3
93.7
48
90.9
67.6
80.5
94.9
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Figure 7.2 DGGE analysis comparing chemostat communities seeded with donor A feces during
a clindamycin or water addition period followed by a single dose of MET-1or saline. a)
Correlation coefficients (expressed as percentages) comparing the profiles of each vessel at
identical time points. b) Community dynamics calculated using moving window correlation
analysis. c) Adjusted Shannon Diversity Index (H’). d) Adjusted band richness (S). e) Adjusted
Shannon equitability index (EH’).
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similarity to V(-/-), V(+/-) recovered to within 5% of the gel-defined cut-off threshold by day 48
while V(+/+) was just below the 5% of the gel-defined cut-off threshold. Following the addition
of MET-1 to V(-/+), V(-/+) and V(-/-) correlation coefficients remained above the gel-defined
cut-off thresholds (94.9% similar on day 48).
Clustering tree analysis showed that day 0 samples clustered together and day 36 samples
clustered together, with V(+/+) clustering farther out from the other day 36 samples (Figure 7.3).
Prior to MET-1 addition on day 42, samples from clindamycin treated vessels clustered
separately from non-clindamycin treated vessels, with V(+/+) and V(+/-) profiles clustering
together and V(-/+) and V(-/-) profiles clustering with day 36 samples (not exposed to
clindamycin). Following MET-1 addition, V(+/+) day 42 (post) clustered with other clindamycin
treated vessels, however it did not cluster as closely to V(+/+) day 42 (pre), V(+/-) day 42 (pre),
and V(+/-) day 42 (post). V(-/+) day 42 (post) clustered closely with non-clindamycin treated
vessels. At the end of the experiment, V(+/+) and V(+/-) day 48 samples clustered more closely
with samples from non-clindamycin treated vessels. V(-/+) and V(-/-) samples from day 48 also
clustered with samples from non-clindamycin treated vessels.
All four vessels had comparable rate of change profiles between days 0-36, with higher
values at the beginning of the experiment (days 0-14) which decreased as the communities
developed (days 14-32) until steady state was achieved (days 32-36, Figure 7.2b). Large changes
in community dynamics were seen in the vessels that received clindamycin treatment. V(+/+)
and V(+/-) rate of change values increased between days 36-42 (V(+/+) Δt = 62.0% between
days 36-38, V(+/-) Δt = 59.3% between days 40-42). Between days 36-42 V(-/+) and V(-/-) rate
of change values fluctuated slightly, but not to the degree noted in V(+/+) and V(+/-) (average
V(-/+) Δt = 16.3%, V(-/-) Δt = 10.6%). Following MET-1 addition, V(+/+) showed another peak
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Figure 7.3 Dendrograms comparing chemostat communities seeded with donor A feces during a
clindamycin or water addition period followed by a single dose of MET-1or saline. Dendrograms
are based on Pearson and UPGMA correlation of DGGE profiles.
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in the rate of change values between days 42-44 (Δt =51.5%) corresponding with MET-1
addition. V(+/+) and V(+/-) showed similar rate of change values between days 44-48. Between
days 46-48, V(+/+) Δt values dropped below the cut-off threshold while V(+/-) Δt values
dropped to within 5% of the cut-off threshold. Following MET-1 addition V(-/+) showed
increased Δt values between days 42-48 (average Δt= 21.4%) relative to V(-/-) (average Δt=
11.1%) and V(-/+) prior to MET-1 addition (average Δt= 16.3% between days 36-42).
All four vessels had comparable H', EH' and S values between days 0-36 (Figure 7.2c,d,e,
Table 7.2). These values fluctuated at the beginning of the experiment, but stabilized as steady
state was reached (days 34-36). Following clindamycin treatment in V(+/+) and V(+/-) there was
a reproducible reduction in community diversity, evenness, and richness. Between days 36-44
V(-/+) and V(-/-) maintained high H', EH', and S values while receiving water dosage (control).
Immediately following the addition of MET-1 to V(+/+), H, EH', and S values increased.
V(-/+) S values increased following the inoculation of MET-1, however, H' and EH' values did
not have a dramatic increase. Even though the addition of saline to V(+/-) and V(-/-) did not
impact S values, V(+/-) H' and EH' values increased slightly while V(-/-) H' and EH' values
decreased slightly.
Following the clindamycin treatment period and MET-1 addition, V(+/+) maintained stable
H' values between days 42-48. V(+/+) EH' values decreased between days 42-44 but were
maintained between days 44-48, while V(+/+) S values increased between days 42-44 and were
maintained between days 44-48. V(+/-) H', EH', and S values increased between days 42-44 and
maintained these values between days 44-48. Between days 44-48, V(+/+) H' and EH' values
were lower than V(+/-) values, however V(+/+) S values were higher than V(-/+) values.
Following MET-1 addition, V(-/+) H' values decreased slightly between days 42-44 and
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Table 7.2 Ecological parameters (diversity, evenness, and richness) for chemostat communities seeded with donor A feces.
Samples taken immediately following inoculation (day 0), during steady state conditions (day 36), 1 day following clindamycin
treatment prior to MET-1 addition (day 42 (pre)), 1 day following clindamycin treatment and MET-1 addition (day 42 (post)),and
at the end of the experiment (day 48).
Shannon Diversity Index (H') Shannon Equitability Index (EH')
Band Richness (S)
V(+/+) V(+/- ) V(-/+) V(-/-) V(+/+) V(+/- ) V(-/+) V(-/-) V(+/+) V(+/- ) V(-/+) V(-/-)
0
3.50
3.49
3.48
3.47
0.85
0.85
0.85
0.84
61
61
61
61
36
3.49
3.42
3.43
3.49
0.84
0.82
0.82
0.84
65
65
65
65
42 (pre-MET-1)
2.70
2.58
3.43
3.44
0.77
0.74
0.82
0.82
33
33
65
65
42 (post-MET-1) 3.28
2.56
3.51
3.39
0.81
0.73
0.83
0.81
57
33
69
65
48
3.20
3.21
3.39
3.36
0.84
0.84
0.81
0.80
46
46
67
65
Day
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were maintained between days 44-48. Although V(-/+) EH' values were maintained between days
42-48, S values decreased between days 42-44 and were maintained between days 44-48. V(-/+)
H' and S values were higher than V(-/-) values between days 42-44, but were comparable
between days 44-48. V(-/+) EH' values comparable to V(-/-) values between days 42-48.

7.2.2 Mixing donor A and B chemostat communities results in a community that more closely
resembled the donor A community than the donor B community
Another aim of this study was to determine whether the fecal community from one healthy
donor would be more successful at persisting in the presence of a fecal community from another
donor. If this is the case, a "dominant" donor gut microbiota may be able to better persist in the
presence of a diseased recipient's intestine, therefore making an ideal candidate for stool
transplants or novel MET formulations.
Therefore, in the second chemostat run one vessel was seeded with donor A feces (VA)
and one vessel was seeded with donor B feces (VB). At 36 days post-inoculation, a third vessel
(VAB) was inoculated with an equal volume of VA and VB chemostat cultures. All three vessels
were maintained until 44 days post inoculation (relative to the VA and VB inoculation time
point). These three vessels were analyzed on the second series of DGGE gels and day 0, 36, and
44 samples were also analyzed by HITChip (Figure 7.4).
VA and VB fecal inocula had distinct compositions at the beginning of the experiment
(Figure 7.4, 7.5, Table 7.3). Table 7.4 lists the vessel correlation coefficients comparing VA, VB,
and VAB on days 0, 36, and 44 using DGGE and HITChip. Again, %SI values were higher for
HITChip data compared to DGGE data (see chapter 8). VA and VB were able to maintain
distinct compositions over the course of the chemostat run, with vessel correlation coefficients
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Figure 7.4 Molecular fingerprints representing communities seeded with donor A feces (VA),
donor B feces (VB) or a mixture of donor A and B steady state communities (VAB) cultured
within a twin-vessel single-stage chemostat. (a) DGGE profiles (b) HITChip profiles. HITChip
profiles also list the highest phylogenetic level of specificity of probes (level 1) on the right of
panel b.

188

VA Day 36
VAB Day 36
VB Day 36
VA Day 44
VAB Day 44
VB Day 44

VB Day 0

b

VA Day 0

VB Day 44

VAB Day 44

VA Day 44

VB Day 36

VA Day 36

VAB Day 36

VB Day 0

VA Day 0

a

Actinobacteria
Asteroleplasma
Bacilli

Bacteroidetes

Clostridium cluster I
Clostridium cluster III

Clostridium cluster IV

Clostridium cluster IX
Clostridium cluster XI
Clostridium cluster XIII

Clostridium cluster XIVa

Clostridium cluster XV
Clostridium cluster XVI
Clostridium cluster XVII
Clostridium cluster XVIII
Cyanobacteria
Fusobacteria
Proteobacteria

Spirochaetes
Uncultured Clostridiales
Uncultured Mollicutes
Verrucomicrobia

189

Actinobacteria

100%

Bacteroidetes
Bacilli

90%

Clostridium cluster I
Clostridium cluster III

80%

Clostridium cluster IV
Clostridium cluster IX

190

Relative Contribution

70%

Clostridium cluster XI
Clostridium cluster XIII

60%

Clostridium cluster XIVa
Clostridium cluster XV

50%

Clostridium cluster XVI
Clostridium cluster XVII

40%

Clostridium cluster XVIII

Uncultured Clostridiales

30%

Cyanobacteria
Fusobacteria

20%

Proteobacteria
Spirochaetes

10%

Asteroleplasma
Uncultured Mollicutes

0%
VA Day 0

VB Day 0

VA Day 36 VAB Day 36 VB Day 36 VA Day 44 VAB Day 44 VB Day 44

Verrucomicrobia

Figure 7.5 Relative abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for the VA and VB
fecal inoculum (day 0) and steady state communities (VA and VB days 36 and 44) as well as VAB cultures immediately
following mixture (VAB day 36) and at the end of the experiment (VAB day 44).

Table 7.3 Percent abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for VA, VB, and
VAB communities by DGGE and HITChip on days 0, 36, and 44.
Higher taxonomic groups

Firmicutes
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Tenericutes

VA Day 0

VB Day 0

VA Day 36

VAB Day 36

VB Day 36

VA Day 44

VAB Day 44

VB Day 44

Actinobacteria

0.30

2.04

0.27

0.31

0.34

0.31

0.28

0.28

Bacteroidetes

7.72

43.53

25.01

41.42

48.70

22.21

18.11

59.12

Bacilli

0.64

6.12

0.49

0.47

0.46

0.56

0.55

0.39

Clostridium cluster I

0.20

0.13

0.15

0.15

0.14

0.16

0.16

0.12

Clostridium cluster III

0.13

0.14

0.06

0.07

0.07

0.06

0.06

0.05

Clostridium cluster IV

54.15

17.60

56.46

28.84

7.15

60.66

65.01

4.53

Clostridium cluster IX

0.24

0.25

0.22

0.89

2.89

0.25

0.26

1.33

Clostridium cluster XI

0.64

0.15

0.23

0.21

0.18

0.25

0.25

0.15

Clostridium cluster XIII

0.03

0.02

0.03

0.03

0.03

0.03

0.03

0.02

Clostridium cluster XIVa

33.41

28.49

8.67

21.21

33.54

9.51

11.57

28.69

Clostridium cluster XV

0.03

0.03

0.03

0.18

0.28

0.04

0.26

0.21

Clostridium cluster XVI

0.28

0.12

0.10

0.11

0.11

0.11

0.13

0.09

Clostridium cluster XVII

0.06

0.02

0.02

0.02

0.02

0.03

0.03

0.02

Clostridium cluster XVIII

0.07

0.15

0.06

0.06

0.06

0.06

0.06

0.05

Uncultured Clostridiales

0.77

0.28

4.14

1.83

0.33

1.06

0.61

0.30

Total Firmicutes

90.66

53.51

70.66

54.06

45.26

72.78

78.97

35.97

Cyanobacteria

0.01

0.00

0.01

0.01

0.01

0.01

0.01

0.00

Fusobacteria

0.05

0.04

0.05

0.05

0.05

0.06

0.05

0.04

Proteobacteria

0.72

0.61

1.29

1.18

1.10

1.54

1.46

0.94

Spirochaetes

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Asteroleplasma

0.01

0.00

0.01

0.01

0.01

0.01

0.01

0.00

Uncultured Mollicutes

0.08

0.07

0.08

0.08

0.08

0.09

0.09

0.07

Verrucomicrobia

0.44

0.18

2.60

2.87

4.45

2.98

1.01

3.55

Table 7.4 Correlation coefficients (%SI) comparing VA, VB, and VAB communities by DGGE
and HITChip on days 0, 36, and 44. NA= Not applicable.
Analysis Method Day VA vs. VB VA vs. VAB VB vs. VAB
0
29.3
NA
NA
DGGE
36
45.2
84.3
75.5
44
48.3
88.5
40.0
0
67.2
NA
NA
HITChip
36
66.7
90.9
86.8
44
70.2
94.8
73.0

192

maintained below the gel-defined cut-off thresholds (Figure 7.6a). On day 36, an equal volume
of chemostat culture from VA and VB were mixed in a new vessel (VAB). Following mixing,
VA and VAB correlation coefficients remained above the cut-off threshold for the rest of the
experiment (days 36-44, Figure 7.6a). VB and VAB correlation coefficients were initially close
to but below the cut-off thresholds and decreased rapidly between days 36-38. Between days 4044 the VB vs. VAB correlation coefficient values were comparable to values observed for VA
vs. VB comparisons.
Clustering tree and PCA analysis showed that VA and VB profiles didn't cluster closely
with each other immediately following inoculation (day 0) or during steady state conditions
(days 36 and 44; Figures 7.7, 7.8). VA steady state samples from days 36 and 44 clustered
together and VB steady state samples from days 36 and 44 clustered together. Although the
clustering trees showed that the VAB sample clustered more closely with the VA sample than
the VB sample on day 36, the PCA plot showed that the VAB sample sat midway between the
VA and VB samples. On day 44 both the clustering trees and the PCA plot showed that the VAB
day 44 sample clustered more closely with the VA sample than with the VB sample.
The HITChip also provided phylogenetic information for VA, VB, and VAB on days 0, 36,
and 44 (Figure 7.5, Table 7.3). Analysis of samples at both the phylum/class level and the genuslike level showed that the VAB community did not remain a mixture of the two communities
following mixing, but rather more closely resembled VA compositions compared to VB
compositions (Figure 7.5, Table 7.3, 7.5). Immediately following mixing on day 36 the VAB
HITChip profile contained a mixture of microorganisms that were also identified in VA and VB
profiles (Figure 7.5, Table 7.3, 7.5). On day 44 the abundances of phyla/class level groups
(Figure 7.5, Table 7.3) and genus-like groups (Table 7.5) detected in VAB were more
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Figure 7.6 DGGE analysis of VA, VB, and VAB prior to and following the mixture of steady
state VA and VB chemostat communities. a) Correlation coefficients (expressed as percentages)
comparing the profiles of each vessel at identical time points. b) Community dynamics
calculated using moving window correlation analysis. c) Adjusted Shannon Diversity Index (H’).
d) Adjusted band richness (S). e) Adjusted Shannon equitability index (EH’).
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Figure 7.7 Dendrogram comparing VA, VB, and VAB prior to and following the mixture of
steady state VA and VB chemostat communities. Dendrograms are based on (a) Pearson and
UPGMA correlation (DGGE profiles) or (b) Pearson correlation and Ward's minimum variance
method (HITChip profiles).
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PC2: 30.7%

Clostridium clusters IV and XIVa

Clostridium cluster IV and Bacteroidetes
-1.0

PC1: 51.5%

1.5

Figure 7.8 Principal component analysis (PCA) at the genus-like level based on HITChip data of the VA and VB fecal inocula
(VA and VB day 0) and steady state communities (VA and VB days 36 and 44), as well as VAB cultures immediately following
mixture (VAB day 36) and at the end of the experiment (VAB day 44). Arrows shown in the plot correspond to the top 30 genuslike groups that explain most of the variability in the dataset.

Table 7.5 Percent abundance of major genus-like level bacterial groups (present at an abundance >0.5% in at least 1 sample) and
fold differences comparing VA, VB, and VAB communities on days 36 and 44. Genus-like levels are only shown where the fold
differences were >2.5 (higher in VAB Day (x), marked in green) or <0.5 (lower in VAB Day (x), marked in red).
Percent abundance

Fold difference
VAB
VAB
VAB
Day 36 Day 44
Day 44
VB
VA
VB
Day 36
Day 44
Day 44
1.24
1.63
5.11
1.17
0.79
0.34
7.59
1.02
28.58
0.67
0.94
0.36
2.09
0.83
6.47
2.10
0.62
1.78
0.76
0.51
0.06
0.48
1.23
0.29
0.96
0.75
0.28
2.24
0.92
4.96
2.50
1.08
5.93
5.28
1.12
16.21
3.27
0.92
8.14
2.92
0.58
4.62
24.48
0.90
64.09
1.99
1.27
4.12
3.58
0.62
5.61
6.27
1.33
54.12

Level 2
(genus-like level)

VA
Day
36

VAB
Day
36

VB
Day
36

VA
Day
44

VAB
Day
44

VB
Day
44

Alistipes et rel.
Bacteroides fragilis et rel.
Bacteroides intestinalis et rel.
Bacteroides ovatus et rel.
Bacteroides plebeius et rel.
Bacteroides uniformis et rel.
Bacteroides vulgatus et rel.
Parabacteroides distasonis et rel.
Prevotella tannerae et rel.
Anaerotruncus colihominis et rel.
Clostridium cellulosi et rel.
Clostridium leptum et rel.
Faecalibacterium prausnitzii et rel.
Oscillospira guillermondii et rel.
Ruminococcus bromii et rel.
Ruminococcus callidus et rel.
Sporobacter termitidis et rel.
Subdoligranulum variable at rel.

1.65
3.56
1.13
2.44
0.75
5.25
7.46
0.64
0.28
0.32
0.47
0.86
3.37
10.54
0.79
0.28
2.22
36.45

1.05
8.12
0.56
4.95
0.42
2.59
20.09
1.94
0.40
0.25
0.32
0.56
1.30
6.82
0.57
0.19
1.34
16.32

0.85
6.97
0.07
7.35
0.20
1.24
26.32
4.05
0.42
0.11
0.13
0.11
0.40
2.34
0.02
0.10
0.37
2.60

2.01
3.28
1.30
2.31
0.91
4.78
4.89
0.64
0.24
0.51
0.62
1.38
3.65
13.04
2.32
0.29
2.81
34.51

3.27
2.58
1.32
2.18
0.75
2.96
2.47
0.79
0.18
0.47
0.67
1.55
3.35
7.58
2.08
0.36
1.74
45.93

0.64
7.49
0.05
5.99
0.12
1.66
38.70
2.75
0.63
0.09
0.11
0.10
0.41
1.64
0.03
0.09
0.31
0.85

VAB
Day 36
VA
Day 36
0.64
2.28
0.49
2.03
0.56
0.49
2.69
3.02
1.42
0.78
0.69
0.64
0.39
0.65
0.72
0.69
0.60
0.45

Clostridium
cluster IX

Dialister

0.04

0.66

2.56

0.04

0.04

1.09

18.64

0.26

0.98

0.04

0.06

Clostridium
cluster XIVa

Butyrivibrio crossotus et rel.
Eubacterium rectale et rel.
Lachnobacillus bovis et rel.
Ruminococcus gnavus et rel.

0.84
0.17
0.13
0.11

2.94
0.47
6.11
0.13

4.93
0.61
12.18
0.15

0.94
0.33
0.16
0.13

0.68
0.46
0.21
0.67

5.07
0.59
10.56
0.14

3.50
2.76
46.93
1.19

0.60
0.78
0.50
0.89

0.72
1.38
1.31
5.26

0.13
0.79
0.02
4.86

0.23
0.99
0.04
4.99

Uncultured Clostridiales I

3.87

1.61

0.17

0.73

0.36

0.15

0.42

9.72

0.49

2.38

0.22

Sutterella wadsworthensis et rel.
Akkermansia

0.60
2.60

0.37
2.87

0.11
4.45

0.60
2.98

0.73
1.01

0.11
3.55

0.62
1.10

3.23
0.65

1.21
0.34

6.37
0.28

1.96
0.35

Higher taxonomic groups

Bacteroidetes
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Clostridium
cluster IV

Firmicutes

Uncultured
Clostridiales
Proteobacteria
Verrucomicrobia

VAB
Day 44
VAB
Day 36
3.11
0.32
2.36
0.44
1.80
1.14
0.12
0.41
0.45
1.84
2.09
2.79
2.56
1.11
3.65
1.87
1.30
2.81

comparable to the abundances found in VA compared to VB.
Higher rate of change values were noted in VA and VB at the beginning of the experiment
as communities transitioned from an in vivo to an in vitro environment (days 0-12 for VA and
days 0-4 for VB; Figure 7.6b). These values decreased as communities approached steady state
(days 12-26 for VA and days 4-22 for VB), where low rate of change values were maintained
(days 26-44 for VA and days 22-44 for VB). On average, VA Δt was 6.2% between days 26-36
and 8.2% between days 36-44. Average VB Δt values were 3.8% between days 26-36 and 5.1%
between days 36-44. There was a relatively large change in VAB community dynamics as the
community shifted from the equal VA and VB mixture to a more VA-like community. VAB rate
of change values showed a peak of change between days 36-38 (VAB Δt= 20.3%). VAB rate of
change values decreased over the rest of the chemostat run (Δt= 11.5% between days 42-44).
H’, EH’, and S values were stable in VA between days 28-44 (Figure 7.6c,d,e, Table 7.6).
Even though S values were stable in VB between days 26-44 (Figure 7.6d), H’ and EH’ values
were generally stable between days 22-32 and gradually decreased after day 32 (Figure 7.6c,e).
VAB H' and EH' values remained relatively stable between days 36-42 and decreased between
days 42-44 (Figure 7.6c,e), while S values fluctuated between days 36-44 (Figure 7.6d).

7.3 Discussion
In this study we investigated the long-term persistence of allochthonous microorganisms
within complex microbial communities simulating the human gut following perturbation. We
used DGGE to determine whether antibiotic treatment would aid in the establishment of donor
B-derived synthetic stool (MET-1) in chemostat communities seeded with donor A feces. We
found that donor A chemostat communities appeared to resist perturbation with antibiotics and/or
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Table 7.6 Ecological parameters (diversity, evenness, and richness) for VA, VB, and VAB
communities on days 0, 36, and 44, as measured using DGGE and the HITChip. NA=not
applicable.
Analysis
Method
DGGE

HITChip

Day
0
36
44
0
36
44

Shannon Diversity
Index (H')
VA
VB
VAB
3.37
3.06
NA
3.21
3.06
3.13
3.23
2.94
3.03
5.81
5.67
NA
5.21
5.32
5.57
5.25
5.16
5.32

Shannon Equitability
Index (EH')
VA
VB
VAB
0.86
0.79
NA
0.80
0.77
0.81
0.81
0.74
0.78
0.81
0.83
NA
0.78
0.82
0.82
0.78
0.79
0.79
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Richness
(S)
VA VB VAB
51 49 NA
55 54
49
55 55
50
964 755 NA
573 485 624
588 486 600

MET-1. We also used DGGE and HITChip to determine whether chemostat communities seeded
with feces from two different donors resulted in the more successful persistence of
microorganisms from one donor compared to the other donor (microbial invasion perturbation).
Following mixing we found that the structure of the mixed community tended to more closely
resemble the structure of the donor A chemostat community than the donor B chemostat
community.
We first wanted to determine whether antibiotic treatment resulted in reproducible
alterations of steady state chemostat communities. Aside from being important in terms of our
experimental design, stereotypic responses by the gut microbiota to the same stimulus can help
us understand the factors that influence the structure of gut communities (156). This can help us
design therapeutic strategies to intentionally manipulate the gut microbiota to maintain or restore
host health following perturbation (156). Although V(+/+) and V(+/-) steady state communities
were less similar to each other prior to clindamycin exposure (relative to steady state
communities from V(-/+) and V(-/+)), communities from both vessels responded to clindamycin
treatment in a reproducible manner and increased in similarity during the clindamycin treatment
period (Figure 7.2). In vivo studies investigating the reproducibility of antibiotic disturbances
found that inbred mice had reproducible baseline gut microbiota that underwent significant,
reproducible compositional shifts following exposure to antibiotics (156). However, despite
these findings there were still significant differences between in the composition of the gut
microbiota of control and antibiotic-treated groups. Although inbred murine models undoubtedly
have their value, chemostats can culture steady state communities under even more tightly
controlled environmental conditions to produce complex, stable communities that have higher
within-run, between vessel reproducibility (see chapter 3).

201

The persistence of fecal microorganisms following stool transplants has been investigated
in conventionally raised Lewis rats in the presence and absence of antibiotic treatment (137).
Similar to our experimental design, Lewis rats were divided into four groups: transplantation,
antibiotics, transplantation following antibiotics, and controls. The stool transplant consisted of
pooled cecal content from Sprague-Dawley and Wistar strain rats to ensure the donor microbial
communities were highly diverse and different from Lewis rat feces. Following the
administration of the donor feces (in the presence and absence of antibiotic perturbation) the
recipient gut microbiota increased in diversity and became more similar to the donor stool.
Phylotypes from donor rats persisted in recipient rats at 3 months post-transplantation. Although
it was expected that antibiotic perturbation would facilitate the establishment of donor gut
microbes within the recipient gut microbiota, rats that received a stool transplant following
antibiotic perturbation combined the reshaping effects of the two treatments (including a
decrease in gut microbiota diversity), reducing the establishment of donor gut microbes.
Although the stool transplant aided in recovering the primary loss of diversity, Manichanh et al.
(2010) proposed that the altered state of the gut microbiota following antibiotic perturbation may
be more important for the persistence of donor microbes (137).
In our experiment MET-1 supplementation in the presence or absence of clindamycininduced perturbation did not appear to have a significant impact on the structure of chemostat
communities (as determined using DGGE). However, although comparisons can be made
between V(+/+) and V(+/-) using DGGE, at the end of the experiment we cannot determine
whether specific DGGE bands from V(+/+) correspond to bacterial species recovering from the
chemostat community, bacterial species introduced through MET-1, or a combination of the two.
Similarly, the bacterial diversity present in V(-/+) prior to MET-1 supplementation made it
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difficult to determine whether strains from MET-1 were able to persist within an unperturbed
community. While this is not unexpected, we had hypothesized that MET-1 supplementation
would allow antibiotic-treated communities to recover more fully and rapidly. Following
antibiotic treatment and MET-1 addition, there was an initial increase in V(+/+) diversity
(including richness and evenness). However, V(+/-) recovery was also very rapid and appeared
to follow the same pattern as seen in V(+/+) between days 44-48.
V(+/+), V(+/-), V(-/+) and V(-/-) were seeded with feces from a healthy donor (donor A).
Many studies have shown that the gut microbiota from healthy donors is stable over time and
resilient to perturbation (24, 68). This might explain why V(+/+) and V(+/-) were able to rapidly
recover from clindamycin exposure (Figure 7.2). In addition, the healthy gut microbiota
generally shows colonization resistance where the indigenous gut microbiota prevents
allochthonous microorganisms from persisting within the gut environment (24). This might also
explain why MET-1 did not appear to persist in V(-/+) (by DGGE). Even though we were
interested in investigating the response of antibiotic perturbation and MET-1 supplementation in
a healthy donor, the major advantage of choosing a healthy donor for this preliminary
experiment was the relative ease of access to the fecal donation. Future experiments will
investigate the effects of antibiotic exposure and MET-1 supplementation using chemostat
communities seeded with feces from an unhealthy donor whose gut microbiota is suspected to be
in a state of dysbiosis (e.g. an ulcerative colitis patient). If chemostat communities seeded with
feces derived from unhealthy donors are less stable following perturbation, it would be expected
that these communities would display a prolonged recovery time, which in turn would make it
easier to determine if the addition of MET-1 supplementation aids in more rapid and full
recovery of microbial diversity under these conditions.
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When designing MET strategies it is important to isolate strains from a healthy fecal donor
with a diverse, stable gut microbiota that can resist perturbation. However, to date it is unclear
whether the gut microbiotas from different healthy donors would be equally effective at
displacing dysbiotic communities, or whether the microbiota from one donor may be superior to
that of another for this purpose. In a controlled, randomized clinical trial Van Nood et al. (2013)
found that a single infusion of stool from a healthy donor cured disease in 13 of 16 recurrent CDI
patients (103). The remaining 3 patients were subsequently treated with feces derived from new
donors, resulting in disease resolution (103). While it is unclear whether some patients simply
require multiple stool transplants regardless of the fecal donor, it is possible that some fecal
donors may be superior to others under certain conditions.
In this study we found that mixing steady state chemostat communities seeded with feces
from donors A and B resulted in a community that more closely resembled the donor A
community structure than the donor B community structure. For obvious ethical reasons there is
no data regarding the persistence of exogenous fecal microbial communities in the gut
microbiota of healthy human recipients. However, our observations are consistent with the rat
experiments conducted by Manichanh et al. (2010), who found that rat feces taken 1 and 3
months following a fecal transplant clustered closer to the donor fecal sample than with pretransplantation samples (137).
The diversity of the chemostat communities present in VA and VB may explain the shifts
in the VAB community structure following mixing. In general, the donor A fecal inoculum and
steady state chemostat communities had higher richness and diversity values than donor B. As
mentioned in chapter 4, ecosystems with higher diversity exhibit higher stability compared to
less complex ecosystems (215). Although this is consistent with ecological theory, future studies
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using similar experiments to investigate additional donors are required to confirm this
observation. Should this observation prove to be consistent, screening the microbial diversity of
a stool sample may provide a rapid way of determining the suitability of a stool transplant donor.
It is also possible that the chemostat environment altered the structure of donor A
chemostat communities following inoculation (in vivo to in vitro transition), causing the
communities to shift to a more chemostat adapted-state. To confirm that mixing donor A and B
chemostat communities was not biased by changes in the structure of the communities following
inoculation, further experiments should explore the influence of altering environmental
conditions within the model to see if we can repeat the same results. For example, we could alter
the composition of the growth medium to mimic a diet with higher protein content and lower
fibre content. Finally, to add biological significance, experiments should be verified in vivo, for
example using a humanized animal model colonized with donor A and/or donor B fecal
communities.
Despite the fact that communities from VA, VB, and VAB were analyzed by HITChip, in
addition to DGGE, it was still difficult to determine whether the microbial populations
comprising the VAB day 44 sample originated from microorganisms from VA, VB, or both.
Because the structure of the VAB day 44 community changed following mixing on day 36 to
more closely resemble that of the VA day 44 community, it is tempting to conclude that the
bacterial populations from VB were not able to persist. However, microbial interactions
following mixing might have not only influenced the growth and persistence of VA bacterial
populations, but also the microbial populations of closely related taxa originating from VB. A
limitation of the HITChip is that it is unable to distinguish between different strains of specieslike groups (64). Moreover, potential cross-hybridization of closely-related taxa and differences
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in probe binding affinities make it difficult to completely correlate the origin of bacterial
populations comprising the VAB day 44 community (see chapter 6; 64).
The use of defined microbial communities can help to overcome some of these challenges.
For example, one approach would be to construct defined communities from the feces of donors
A and B. DEC-A would be composed of strains cultured from donor A feces, while DEC-B
would be composed of strains cultured from donor B feces. After sequencing the genomes of all
the members of these two defined communities, we could repeat our experiment and analyze the
communities using metagenomics. Alternatively, we could also design DEC-A and DEC-B such
that each defined community contained microorganisms from different species (if possible with
no overlapping genera). Because each defined community would contain different species this
would lend more confidence to a finding that a given strain originated from a specific defined
community. A final advantage of using defined communities over undefined fecal communities
is that we would not need to rely on the 16S rRNA gene to analyze our chemostat communities;
instead it would be possible to use other genes characteristic of specific members (e.g. butyrylCoA:acetate CoA-transferase gene in the butyrate production pathway; 306) to monitor changes
in the community using highly accurate techniques such as quantitative PCR.
Following mixing of VA and VB in VAB, the liquid culture would likely contain a
metabolite signature that could affect the structure of the VAB community following mixing. For
example, metabolites produced by one microorganism can serve as a food source for the growth
of another microorganism (cross-feeding; 307). Thus, if a particular, required metabolite source
was lacking in VB, the growth of specific bacterial populations within this community could
have been hampered. Following mixing of the two communities, the required growth-promoting
metabolite might be donated by microbial components of VA. Thus, it is important that future
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studies examine the functional output of each community in a mixed community experiment, and
that the effects of these metabolites on both communities separately, as well as when mixed
together, be monitored.
In conclusion, we found that the long-term persistence of allochthonous microorganisms
within complex microbial communities depends on a variety of factors, including the
composition of the donor and recipient communities. We found that chemostat communities
seeded from donor A feces resisted perturbation with antibiotics and/or MET-1. We also found
that, following mixing under chemostat conditions, the structure of the combined community
from donors A and B more closely resembled the organization of the donor A than the donor B
consortium.
Work from our lab has resulted in the design of a new MET formulation (MET-2)
constructed from commensal bacterial species isolated from donor A feces. Similar to donor Bderived MET-1, MET-2 is composed of strains with favourable antibiotic resistance profiles that
will facilitate its complete eradication using minimal antibiotic treatment. Future experiments
will determine whether novel MET formulations (e.g. donor A-derived MET-2) can persist in
antibiotic perturbed and unperturbed chemostat cultures seeded with feces from different donors.
We will also mix steady state chemostat communities seeded with MET-1 and MET-2
communities to determine whether the simplified, defined communities behave in the same
manner as their fecal counterparts. Moreover, we will study the stability of MET-1 and MET-2
in the chemostat following perturbation with various antibiotics. Experiments such as these will
aid the design of future MET formulations.
Although further experimentation is required to confirm our findings, preliminary results
suggest that a hierarchy exists between different fecal donors, where the fecal community from
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one donor tends to predominate over the fecal community from another. Future experiments are
required to determine whether this observation is consistent, and whether we can find an
emerging pattern that will help to explain this phenomenon. It is important to determine whether
dominant fecal donors share a similar community structure (composition and abundance of
microorganisms), because communities from these donors may have superior attributes
amenable to the further development of the MET concept.
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Chapter 8

Summary, conclusions and future work
Although the gut microbiota is incompletely characterized, technological advancements in
the field of microbial ecology have allowed researchers to describe the diversity of the human
microbiome in more detail than ever before (59, 308). However, because the compositional and
functional characteristics of "healthy" gut microbiotas are not fully described, attempts to
correlate differences or changes of the gut microbiota in diseased states remains a challenge (61).
Future studies must focus on strengthening established associations between the structure and
functionality of gut microbiota in healthy and diseased states to determine causality (13).
To date in vivo models have not been fully successful at demonstrating the mechanisms of
gut diseases (2). Even though gut dysbiosis has been associated with several diseased states, the
inability to focus on the gut microbiota in the absence of host involvement makes it difficult to
determine whether imbalances in the gut microbiota are a cause or consequence of disease (13,
61). Novel models are required to study key factors that control the dynamics of gut
communities. Understanding these factors would allow researchers to predict and control the
behaviour of gut microbiotas (154).
Researchers propose that gut microbiota studies should use a multidisciplinary "human gut
systems biology approach" where the causative relationships between disease states and
dysbiotic gut microbiota are supported by in vitro models (gut fermentation models and human
intestinal cell lines) as well as in vivo studies (in animals and humans; 2). In our research we
characterized and validated a twin-vessel single-stage in vitro gut fermentation model. This
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model was particularly useful as it allowed us to investigate the distal colon - a region of the
gastrointestinal tract that is involved in several disease states (18).
Top-down and bottom-up systems biology approaches (metagenomics,
metatranscriptomics, metaproteomics, metabolomics) allow researchers to identify key
interactions and metabolic pathways important for health and disease (2). Although traditional
systems biology approaches have been used in in vivo and in situ studies (309-312), they have
not been routinely applied to in vitro gut fermentation models (2). However, a systems biology
tactic could allow for the simultaneous exploration of the gut microbiota at several molecular
levels, including the identities of the members of the gut microbiota (16S rRNA sequencing
data), their metabolic potential (metagenomics), transcribed rRNA (metatranscriptomics), protein
expression (metaproteomics), and metabolic products (metabolomics; 61). Future studies
analyzing chemostat communities encompassing all of these techniques will allow a more
complete characterization of communities developed within our model.
In our study microbial community samples were analyzed using a molecular fingerprinting
technique (DGGE) and a phylogenetic microarray (HITChip). Throughout our investigations we
evaluated the comparability between DGGE and HITChip-calculated parameters. We found that
DGGE was a convenient, high throughput molecular fingerprinting technique that provided
information on differences in community structure (between samples and over time). However,
compared to the HITChip we found DGGE lacked sensitivity (as expected based on previous
work; 276). Although correlation coefficient values calculated by DGGE and the HITChip
usually showed the same relative between-sample differences, DGGE correlation coefficient
values were usually lower than the corresponding HITChip values. Moreover, microbial
community diversity was also underrepresented in DGGE profiles relative to HITChip profiles.

210

Differences in correlation coefficient values and ecological parameters can be explained by
differences in the number of data points generated in each profile, as DGGE generates fewer data
points than the HITChip (56). Therefore, direct comparisons of correlation coefficient values
should only be made if they were calculated using the same techniques (e.g. DGGE vs. DGGE,
HITChip vs. HITChip).
Another disadvantage of DGGE is gel-to-gel variation, which can hamper comparisons of
community development over the course of a chemostat run. H’, EH’, and S values are
susceptible to gel-to-gel variation as they depend on band number and peak height. Temporal H’,
EH’, and S analysis is possible looking at uncorrected plots, however the overall patterns of
change are much easier to interpret when consecutive gels are aligned. Adjustment using
correction values creates plots that still maintain relative between-vessel, within-gel differences.
It also allows for an overall pattern of stability or instability to emerge more clearly. Although it
is preferable to extract sample-specific numerical comparisons for samples run on a single gel,
the gel-to-gel adjustment method outlined in this study still allows for multi-gel analysis of
overall patterns of change over time. However, there is a limit to the amount of correction that
can be done to overcome stochastic variability between and within gels. For example, variation
in the denaturing gradient along the width of a DGGE gel can cause "smiling" and less consistent
band separation in different DGGE lanes. This means the gel analysis software might find DGGE
profiles to be less similar to each other than they would be otherwise. If these differences affect
the relative differences for H', EH', and S values within a gel this can make between-gel
adjustments more difficult.
DGGE can provide useful information regarding changes in community structure for a
large number of samples, however it does not provide phylogenetic information regarding the
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composition of the community. Phylogenetic information is not only required to determine the
extent to which the in vitro communities resemble the in vivo communities, but it also allows us
to determine which members of the community might respond to an experimental treatment. The
HITChip is a phylogenetic fingerprinting tool with a higher resolution, reproducibility and
therefore reliability relative to DGGE (56, 203). Furthermore, the HITChip provided us with
taxonomic information for key samples that allowed us to assess the diversity of communities
developed within our model, compare compositional differences between samples, and track
changes in specific populations of bacteria over time and following experimental treatment.
However, like all techniques, the HITChip has its limitations. Firstly, it can only detect
taxa which are covered by the reference sequences (301). Unless there are distinct differences
between the variable regions, species/strain level resolution is challenging (301). Crosshybridization with non-target sequences and differences in probe binding affinities might result
in the classification of genus-like groups as closely related taxa, especially when the specific taxa
are not represented on the microarray (64). However, cross-hybridization with related but
unidentified taxa can still provide information on the composition of the community (56, 301,
313). Also, cross-hybridization and differences in probe binding affinities may also result in low
levels of "background noise" resulting in false positives (64). Finally, compared to nextgeneration sequencing there are fewer options for downstream analysis (301).
We chose to analyze our samples using DGGE and the HITChip because, for our purposes,
the benefits of these techniques outweighed their drawbacks. Although quantitative comparison
between specific samples is best achieved using more sensitive techniques (e.g. HITChip, 16S
rDNA sequencing, quantitative PCR), DGGE is a more rapid and inexpensive method of
assessing the overall pattern of community development and stability over time (314). Vessel
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correlation coefficients and moving window analysis (rate of change) calculated from DGGE
profiles have previously been used to monitor community development in SHIME units (165,
203) and sequential batch reactors (315, 316). In addition, the Shannon diversity index and band
richness has previously been used to compare DGGE profiles between samples (205, 208). There
are benefits to high-level views of complex microbial community structure as the reduction in
detail can allow broader patterns to emerge more clearly. Having said that, the HITChip is a
robust technique in which hybridizations and community profiles correlate well with
pyrosequencing-based comparisons (301). Moreover, HITChip analysis tends to be faster,
cheaper, and more straightforward than high-coverage amplicon sequencing (301). Taking this
all into consideration, we decided to use DGGE to analyze large numbers of samples, enabling
us to follow long-term changes in community dynamics. Key samples of interest were targeted
by DGGE for HITChip analysis in collaboration with the laboratory of Prof. Dr. Willem de Vos,
a leading research group with expertise in this method.
The stability of gut microbial ecosystems can be assessed by analyzing two different
components: compositional stability and functional stability. Monitoring metabolic activity is
also an important marker of microbial community stability within a chemostat model. However,
given the extensive experimentation to characterize our model using DNA-based techniques, the
evaluation of metabolic activity was beyond the scope of the work described in this thesis. In
collaboration with an analytical chemistry research laboratory (Aucoin Lab, University of
Waterloo) we are currently further-developing our model to establish the functional capacity and
metabolic stability of our chemostat-grown communities over time using 1H-NMR. Although it
is too early to comment on this 1H-NMR data, the preliminary results support the reproducibility
and stability of chemostat communities, the defined time frame to steady state, differences in
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chemostat communities seeded with consecutive fecal donations from the same donor, interindividual variation, and response to perturbation (with NE, clindamycin, and/or MET-1). Even
though I do not explicitly discuss metabolic activity in our system in my thesis work, it has been
previously shown that extremely dynamic bacterial communities (unstable composition) can still
maintain a functionally stable ecosystem (317). Even without our 1H-NMR data, we have shown
that communities developed within our model have high compositional stability, which would
suggest they have functional stability as well.
In chapter 3 we showed that twin-vessel, single-stage chemostats inoculated with identical
fresh fecal samples from a healthy donor can develop and maintain stable, diverse, and
reproducible communities. By 36-days post-inoculation chemostat communities were at steady
state compositions, however steady state was achieved earlier in some runs compared to others.
The high reproducibility and stability of communities developed within our model allows us to
conduct placebo-controlled or multi-treatment experiments, as we can compare communities
between vessels or within the same vessel over time (165). As noted in other in vitro studies,
steady state communities were enriched in Bacteroidetes but not Clostridium cluster XIVa,
Bacilli or other Firmicutes relative to the fecal inocula. Communities developed within this
model had higher within-run reproducibility than between-run repeatability when using
consecutive fecal donations. Even though between-donor steady state community similarity
increased following inoculation of the vessels, donor-specific identities were maintained.
Although we used our model to develop and maintain chemostat communities mimicking
healthy adult gut microbiota, our model also has the potential to simulate a diverse range of
different gut microbiota, such as gut microbiota from disease states with known distal gut
involvement (e.g. IBD, CDI, colorectal cancer; 18). In vitro gut fermentation modeling could be
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particularly useful to advance the understanding of diseases such as CD and UC, which normally
focus on immune system functionality (2). Additionally, it would also be interesting to model gut
microbiota that experience normal compositional variation in the absence of host involvement,
for example by genetics (related vs. unrelated individuals; 33, 39), age (infants vs. adults vs.
elderly; 318), or diet (Western diet vs. rural African diet; 32).
In chapter 4 we characterized the effects of defined (clindamycin) and undefined (NE;
norepinephrine) perturbation on the structure of chemostat communities. Both short term (1
dose) and long term (5 day course) NE exposure did not appear to have a substantial effect on the
structure of chemostat communities. On the other hand, a 5-day course of clindamycin treatment
caused large changes in the structure of chemostat communities that did not fully recover by the
end of the experiment. Characterizing the effects of clindamycin treatment allowed us to
characterize the effect of perturbation within our system using a stimulus that is known to alter
the structure of gut communities both in vivo and in vitro.
Although we did not notice changes in chemostat communities following NE
administration, further experimentation is required before we can conclude that NE does not
have an effect on the structure or functionality of the human gut microbiota. Characterizing NEtreated chemostat communities using systems biology approaches may enable us to identify
community responses not identified using DGGE alone (2). Future studies should also
investigate the effect of NE on chemostat communities seeded with feces from IBD patients (in
remission), who believe stress has an influence on the onset and relapse of illness (223). If we
are still unable to identify any responses to NE treatment after analyzing chemostat communities
using these techniques, this will give us more confidence that NE causes indirect changes in the
gut microbiota of stressed individuals through the alteration of host physiological processes, and
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not through microbiota-driven processes per se.
Characterizing the responses of the gut microbiota to specific perturbation allows
researchers to identify key species, microbial interactions, and functions which can be important
for maintenance of the stability of gut communities (62). A greater understanding of these factors
will allow manipulation of the gut microbiota in order to prevent gut dysbiosis in healthy
individuals or restore balance in diseased individuals (62). Because in vitro gut fermentation
models are not limited by ethical considerations (compared to in vivo models) perturbation
studies can be conducted using a wide variety of endogenous (e.g. cortisol metabolites) or
exogenous (e.g. novel drugs) stimuli (2).
In chapter 5 we developed a chemostat model using packed-column biofilm reactors to
simulate mucosal environments. In combination with our chemostat model, packed-column
reactors allowed us to simultaneously culture biologically relevant planktonic and biofilm
communities that were complex, reproducible, and distinct. Moreover, planktonic and biofilm
communities responded to antibiotic perturbation in a biologically relevant manner.
The results outlined in chapter 5 represent preliminary data gained through the
development of an appropriate model for the study of biofilms in the gut, and as such there are
still several questions that should be investigated. As with our planktonic communities, the
metabolic activity of microorganisms growing as biofilms should be assessed, as previous
studies have reported that microorganisms growing in planktonic and biofilm states are
metabolically distinct (16). Furthermore, we analyzed biofilms grown over longer time periods
(36 or 41 days) and shorter time periods (7 or 12 days) to ensure biofilm growth reached a stable,
reproducible composition. Future experiments should characterize biofilms developed for shorter
time periods and harvested at regularly spaced, staggered time points to more closely mimic the
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regular renewal of the mucus layer and sloughing off of host epithelial cells in vivo (270). This
would also provide a more dynamic view of biofilm formation within our model. Finally,
alternative packing material could also be tested for its ability to bind mucin, and a variety of
different mucin sources could also be tested (e.g. spent LS174T tissue culture cell medium, a
source of human mucins).
As mentioned in chapter 5, mucosal communities may be particularly important to host
health due to their proximity to the host epithelium (265). As such, in vitro gut fermentation
models that incorporate a mucosal environment could be especially useful for the study of
diseased mucosal biofilms. Future studies should investigate biofilm formation in chemostat
communities seeded with feces from donors displaying gut microbial dysbiosis as well as
different healthy donors. Common taxa or functions consistently observed in healthy biofilm
communities that are lacking or altered in diseased biofilm communities may help steer future
therapeutic interventions.
The SHIME system has been used to model mucosal biofilms from UC patients using
mucin-coated microcosms in netted bags (266). However, these experiments were limited to 2
days, as longer fermentation times altered the ratios of bacterial populations within biofilm
communities to ratios not routinely observed in vivo (Tom Van de Wiele, personal
communication). Because these cultures cannot be maintained for longer time periods, steady
state communities cannot be established and therefore placebo-controlled or multi-treatment
studies cannot be applied. Since microcosms in netted bags were less successful at maintaining
cultures for longer time periods, future studies should investigate whether packed-column
reactors are more successful at culturing UC biofilm communities.
Packed-column reactors could also be used as a screening method to determine whether
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novel probiotic strains can persist within the gut as part of a mucosal biofilm community. Both in
vivo and in vitro studies have shown that Lactobacillus rhamnosus GG (one of the best
characterized probiotic strains; 319) strongly adheres to the intestinal epithelium (320). Packedcolumn reactors can be used to characterize the biofilm-forming ability of mono-species
probiotics, synthetic stool (e.g. MET-1), or stool replacement (transplant) within a gut
fermentation model.
Packed-column reactors are flexible and convenient in that they can be filled with many
different indigestible dietary residues or prebiotics, such as inulin-type fructans (321-323) or
arabinoxylan oligosaccharides (324). In addition, packed-column reactors can be filled with
packing material coated in other scaffolds for biofilm formation, such as sIgA (325, 326).
Investigations utilizing these alternative packing materials would allow researchers to screen
potential prebiotics for their ability to stimulate biofilm and planktonic growth in a tightly
controlled environment. It would also allow researchers to investigate the importance of biofilm
growth in additional niches within the gut environment.
In chapter 6 we cultured simplified, defined communities (DEC and MET-1) and a
complex, undefined fecal community in our chemostat model. Despite the reduced diversity in
DEC and MET-1, both simplified communities were able to establish steady state compositions
more rapidly than fecal chemostat communities. Fecal and DEC chemostat communities
maintained stable diversity, richness, and evenness values upon the establishment of steady state
compositions. Although MET-1 chemostat community maintained stable richness values,
diversity and evenness values slightly decreased over time. As expected, DEC and MET-1
chemostat communities differed from fecal chemostat communities at the genus-like level,
however overall the composition of DEC and MET chemostat communities were comparable at
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the phylum/class-level.
Using well-characterized, standardized synthetic gut communities we can explore
molecular-level microbial interactions using systems biology techniques (e.g. metagenomics).
However, when using defined communities to represent a complex native community it is
important to ensure that important characteristics of the native community are not lost. In
addition to the HITChip and DGGE data, future studies will compare the functionality of defined
communities to fecal communities to ensure important metabolic pathways are adequately
represented. As novel culturing techniques are developed we can improve the yield of
microorganisms cultured from feces and increase the number of strains included in defined
community formulations. Characterizing the resistance and resilience responses following
perturbation using a well-defined stimulus (e.g. specific antibiotics) will also allow us to
determine whether additional strains must be incorporated into defined communities to maintain
ecosystem functionality.
New formulations of defined communities can be developed to suit the research question
of interest. Future formulations could include strains cultured from the feces of different healthy
donors as well as diseased donors. Moreover, different compositional backgrounds could be
investigated, such as hosts with different diets (e.g. Western vs. rural diets) or ages (infants vs.
adults vs. elderly).
Packed-column biofilm reactors could be attached to chemostat vessels culturing defined
communities to investigate the biofilm-forming ability of DEC or MET formulations.
Alternatively, strains could be cultured from biofilms seeded with fecal microorganisms.
Depending on the column packing material, isolated microorganisms could be used to construct
"defined biofilm communities" mimicking gut mucosal communities or communities adhering to
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dietary residues or prebiotics. Defined mucosal biofilm communities could provide strong
microbial ecosystem candidates, while defined prebiotic-adherent communities could be used in
conjunction with the prebiotic to develop novel synbiotics.
In chapter 7 we investigated long-term persistence of allochthonous microorganisms within
fecal chemostat communities in the presence and absence of perturbation (with antibiotics or
microorganisms). We found that chemostat communities seeded with feces from a healthy donor
rapidly recovered from antibiotic perturbation in the presence and absence of MET-1
supplementation (although recovery was incomplete). The complexity of fecal chemostat
communities in the absence of antibiotic perturbation as well as rapid recovery of fecal
chemostat communities in the absence of MET-1 supplementation meant that it was difficult to
assess the persistence of MET-1 strains using DGGE. However, this led us to question whether a
MET formulation derived from one donor would be more successful at persisting in a fecal
chemostat community than a MET formulation derived from another donor. This also led us to
question whether the fecal community from one healthy donor would be more successful at
persisting in the presence of a fecal community from another donor. A "dominant" donor gut
microbiota may be able to better persist in the presence of a diseased recipient's intestine,
therefore making an ideal candidate for stool transplants or novel MET formulations. Following
mixing of chemostat communities seeded with feces from two different healthy donors, we found
the structure of the mixed community more closely resembled the structure of one donor
chemostat community over the other. Further experiments are required to determine whether this
observation is consistent, and whether we can find an emerging pattern in the structure or
functionality of dominant gut microbiota to explain this phenomenon.
Future experiments should explore the persistence of a donor A-derived MET in a donor B
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fecal chemostat community (+/- antibiotic perturbation). However, if we fail to notice changes in
the structure of the donor B fecal chemostat community there are several other options to
explore. First, we could test the persistence of different MET formulations in diseased gut
microbiota (again, +/- antibiotic perturbation). The lower diversity and stability of gut
microbiotas found in certain diseased states (e.g. UC and CD) suggests that they may be more
disturbed by perturbation events, possibly making it easier to evaluate the effects of MET
supplementation (89, 90, 94, 143).
Future studies should also begin to explore the factors that drive structural shifts following
mixing of chemostat communities seeded with feces from different donors. To ensure that the in
vivo to in vitro transition didn't bias the structure of donor A and B chemostat communities prior
to mixing, future experiments will alter the vessel environment to ensure we can repeat the same
experimental results. One method of accomplishing this is to alter the composition of the growth
medium. If the mixed community still resembles the donor A chemostat community using a
variety of growth media, we could then use a germ-free animal model to further support these
observations. We could also investigate shifts in the structure of mixed defined communities
(donor A-derived DEC and donor B-derived DEC). If all the members of the donor A and B
defined communities are sequenced we can follow changes in the mixed community structure
using metagenomic approaches. We could also alter the composition of defined communities to
identify microorganisms that drive structural changes.
It would also be interesting to determine whether we could manipulate the donor B
chemostat community to more closely resemble the donor A chemostat community without
mixing the two communities. In addition to microorganisms, mixing the donor A and B
chemostat communities also combined metabolic products from both chemostat cultures. Future

221

experiments should explore whether altering donor B metabolic profiles to a more donor A-like
profile can shift the donor B community structure to a more donor A-like structure.
Despite the numerous studies that can be carried out using in vitro gut fermentation models
they should be considered to be complementary to in vivo studies (2). Experimental designs
should include both in vitro and in vivo models to strengthen the validity of each model and
distinguish between human physiological processes and microbial ecosystem processes (2).
However, gut fermentation models can be modified to more accurately simulate host responses.
Previous studies have applied effluent from gut fermentation models to monolayers of human
intestinal cell models (e.g. Caco-2 or HT29-MTX cells; 327-329). Kim et al. (2012) developed a
human "gut-on-a-chip" microdevice which was composed of two microfluidic channels
separated by a porous membrane, coated with extracellular matrix and lined with Caco-2 human
intestinal epithelial cells (330). Not only can the gut-on-a-chip simulate the structure,
physiology, and peristaltic motions of a human intestine, but Lactobacillus rhamnosus GG (a
normal intestinal microorganism) could be co-cultured on the luminal surface of the Caco-2 cells
for more than one week without affecting Caco-2 viability (330). Attachment of the human guton-a-chip to gut fermentation models could greatly enhance the data extracted from in vitro gut
microbiota studies. Marzorati et al. (2010) have developed an in vitro adhesion module
consisting of two compartments (luminal and basal) separated by a semi-permeable membrane
(331). The luminal chamber has an artificial mucus layer and anaerobic conditions to culture
SHIME communities while the basal chamber has aerobic conditions to culture human intestinal
epithelial cells. This device allows SHIME microbial communities to adhere to and colonize
host-related surfaces, simulates the transport of chemical compounds across epithelial surfaces,
and mimics host-microbe interactions in a tightly controlled environment. Combination of
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human intestinal epithelial cell models and gut fermentation models allows researchers to assess
the effects of gut communities on host epithelial responses in a highly controlled manner (2).
In summary, the microorganisms colonizing the human gut are essential to host health,
however the compositional and functional characteristics of these communities, in both healthy
and diseased states, requires further characterization (61). Although dysbiotic gut microbiota
have been associated with several gut diseases, it is unclear whether dysbiosis is the cause or
consequence of disease (61). Establishing causal relationships will greatly aid the design of novel
therapeutic approaches (13). To this end, our twin-vessel single-stage distal gut chemostat model
provides a powerful tool to elucidate the role of gut microbial ecosystems in health and a wide
range of diseased states. The relative lack of ethical considerations means the experimental
capacity of this model is essentially limitless (2). Because this system lacks host physiological
processes, changes in the structure and functionality of the chemostat microbial communities can
be directly correlated to the applied treatment. Additionally, the flexibility in the design of this
model means that it can be modified or upgraded to more accurately mimic the host environment
as required.
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Appendices

Appendix 1:
Supplementary Material from Chapter 2
APPENDIX 1.1: SUPPLEMENTARY FIGURES AND TABLES FROM CHAPTER 2

Media in

Culture out

b

a

c

Waste pipe
400 mL

400 mL

400 mL

Figure A2.1 Maintenance of continuous flow of chemostat communities using gas overpressure.
a) Schematic diagram of a single chemostat vessel at 400 mL working volume. b) Culture
volume rises above the bottom of the waste pipe due to the addition of culture medium
(exaggerated for illustrative purposes). c) Gas overpressure forces liquid culture out of the vessel
via the waste pipe, reducing the culture volume back to 400 mL.
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Figure A2.2 DGGE profiles comparing the effect of antifoam addition on a steady state
chemostat culture not previously exposed to antifoam. Unexposed steady state cultures were
95.7% similar to communities 1 day after beginning antifoam addition, and 97.7% similar 5 days
after beginning antifoam addition.
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Figure A2.3 Example of DGGE profiles comparing the fecal slurry to the inoculum (post-spin
supernatant). Preparation of the fecal slurry and inoculum are described in the Materials and
Methods.
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Table A2.1 Agar used to isolate bacterial strains from donor B feces for DEC and MET-1
formulations. For each recipe reagents were dissolved in ddH2O (to 1L), transferred to 2 x 500
mL bottles, sterilized by autoclaving at 121ºC for 30 min, and poured into petri dishes.
Agar growth medium
Fastidious anaerobe agar (FAA) +
defibrinated sheep blood1

FAA + spent LS174T medium +
defibrinated sheep blood1,2

Reagent
FAA
Defibrinated sheep blood
FAA
Spent LS174T medium
(see Appendix 1.2)
Defibrinated sheep blood

FAA + sterile spent chemostat
medium + defibrinated sheep
blood1,3

FAA
Spent chemostat medium3
(see Table 2.1)
Defibrinated sheep blood
Brain Heart Infusion broth

Brain Heart Infusion agar

Agar
Wilkins–Chalgren broth

Wilkins–Chalgren agar

Clostridial Differential agar

deMan, Rogosa & Sharpe agar

Agar

Manufacturer
Acumedia
Hemostat
Laboratories
Acumedia

Quantity
45.7 g

See Appendix 1.2

30 mL

Hemostat
Laboratories
Acumedia
See Table 2.1
Hemostat
Laboratories
BD
Thermo Fisher
Scientific
Acumedia
Thermo Fisher
Scientific

50 mL
45.7 g

50 mL
45.7 g
30 mL
50 mL
37 g
15 g
33 g
15 g

Clostridial Differential
broth

Sigma-Aldrich

27.5 g

Agar

Thermo Fisher
Scientific

15 g

deMan, Rogosa & Sharpe
broth

BD

55 g

Thermo Fisher
15 g
Scientific
'Faecali' agar
See Table A2.2
'Mucin' agar
See Table A2.3
1
FAA and water were autoclaved and cooled to 50 ºC before adding the supplement (blood, spent
LS174T medium, or spent chemostat culture).
2
Spent LS174T medium was collected from LS174T tissue culture cells as described in
Appendix 1.2.
3
Spent chemostat culture medium was collected from a chemostat vessel seeded with donor B
feces. Spent culture medium was filter sterilized through a 0.22µm filter and used as an
additional supplement for FAA plates to encourage the growth of fastidious microorganisms.
Agar
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Table A2.2 Recipe for 'Fecali' growth medium (191). To prepare the growth medium, the
reagents listed in the table were combined and ddH2O was added to 1L. The mixture was
transferred to 2 x 500 mL bottles, and sterilized it in a liquid autoclave cycle for 45 minutes.
Once the media cooled to 50°C, 30mL filter-sterilized rumen fluid were added (University of
Guelph Animal and Poultry Science group) and it was poured into petri dishes.
Reagent
Manufacturer
Weight (g)
Casitone
Difco (Detroit, Michigan)
10
Yeast Extract
BD
2.5
NaHCO3
Fisher
4
Dextrose
EMD (USA)
2
Cellobiose
Sigma
2
Starch (from wheat, unmodified)
Sigma-Aldrich
2
Cysteine
Sigma
1
K2HPO4
Sigma
0.45
KH2PO4
Fisher
0.45
(NH4)2SO4
EM Science (Darmstadt, Germany)
0.9
NaCl
Fisher
0.9
MgSO4
BDH
0.09
CaCl2
BDH
0.09
Agar
Fisher
15
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Table A2.3 Recipe for 'Mucin' growth medium (192). To prepare the growth medium, the
reagents listed in the table were combined and ddH2O was added to 1L. The mixture was then
transferred to 2 x 500 mL bottles, and sterilized in a liquid autoclave cycle for 45 minutes. Once
the media cooled to 50°C, 7 mL filter-sterilized rumen fluid and 2.5 mL mucin were added and
the mixture was poured into petri dishes.
Reagent
Manufacturer
Weight (g)
KH2PO4
Fisher
0.4
Na2HPO4
Sigma
0.53
NH4Cl
BDH
0.3
NaCl
Fisher
0.3
MgCl2.6H2O
Sigma
0.1
CaCl2
BDH
0.11
NaHCO3
Fisher
4
Na2S•7-9H2O
Acros (New Jersey, USA)
0.25
Porcine gastric mucin (Type II)
Sigma-Aldrich
2.5
Agar
Fisher
15
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APPENDIX 1.2: PREPARATION OF SPENT LS174T GROWTH MEDIUM
1.2.1 Setting up a flask of LS174T tissue culture cells
1) LS174T media (Table A2.4) was warmed to 37°C in a heated water bath
2) The tissue culture hood was sterilized using a UV light for 15 minutes
3) In the tissue culture hood, 20 mL of fresh LS174T media and 40 µL of plasmosin
(InvivoGen; San Diego, California) were added to a sterile small (75 cm2) flask
4) A stock of frozen LS174T cells were removed from the liquid nitrogen dewar and thawed
slightly until it became a slurry (liquid with ice crystals)
5) LS174T cells were transferred to the flask
6) The flask was transferred to and incubated in a tissue culture cell incubator (37°C with
5% CO2)

1.2.2 Changing spent LS174T growth medium (media changed every 3-4 days)
1) LS174T media and 1X Versene (Table A2.5) were warmed to 37°C in a heated water
bath
2) The tissue culture hood was sterilized using a UV light for 15 minutes
3) Flask was transferred from the tissue culture cell incubator to the tissue culture hood
4) Spent LS174T media was pipetted out of the flask and stored in a sterile conical tube at
4°C until it was ready to use (see Table A2.1)
5) 30 mL of 1X Versene were added to the flask
6) 1X Versene bathed LS174T cells for ~1 minute
7) 1X Versene was pipetted out of the flask and discarded
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8) 30 mL of fresh LS174T media and 60 µL of plasmosin were added to a new, sterile large
(150 cm2) flask
9) Flask was returned to and incubated in the tissue culture cell incubator

1.2.3 Splitting LS174T cells (Once cells reached confluence, after approximately one week of
growth)
1) LS147T media, 1X Versene and trypsin (Gibco, Life Technologies Corporation) were
warmed to 37°C in a heated water bath
2) The tissue culture hood was sterilized using a UV light for 15 minutes
3) The flask was transferred from the tissue culture cell incubator to the tissue culture hood
4) Spent LS174T media was pipetted out of the flask and stored in a sterile conical tube at
4°C until it was ready to use (see Table A2.1)
5) 30 mL of 1X Versene were added to the flask
6) 1X Versene bathed LS174T cells for ~1 minute
7) 1X Versene was pipetted out of the flask and discarded
8) 10 mL of trypsin were added to the flask
9) The flask was incubated in the tissue culture cell incubator for 5 minutes or until the
cells sloughed off from bottom of flask
10) 30 mL of fresh LS174T media and 60 µL of plasmosin were added to a new large flask
11) Once trypsinized, 4-5 mL of cells were added to the new flask, and pipetted up and
down several times to mix
12) The new flask was transferred to and incubated in the tissue culture cell incubator
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Table A2.4 Recipe for LS174T tissue culture cell growth medium. To prepare the growth
medium, the reagents listed in the table were combined, ddH2O was added to 1L, and the mixture
was filter sterilized using a 0.22 µm filter. The prepared growth medium was stored at 4°C and
used within 3 months.
Reagent

Manufacturer

DMEM/High Glucose
Sodium bicarbonate
HEPES

Thermo Scientific
Thermo Fisher Scientific
BDH
Cellgro, Mediatech Inc
(Manassas, Virginia)
Gibco, Life Technologies
Corporation

100 mM sodium pyruvate
Heat inactivated fetal bovine serum (FBS,
see Appendix 1.2.4)

Volume or
Weight
500mL
2.2 g
4.766g
10 mL
100mL

Table A2.5 Recipe for 10x Versene. To prepare 10x versene, the reagents listed in the table were
combined, ddH2O was added to 1L, and the mixture was filter sterilized using a 0.22 µm filter.
Reagent Manufacturer Weight (g)
EDTA
VWR
2
NaCl
Fisher Scientific
8
Na2HPO4 Sigma Aldrich
11.5
KCl
Fisher
2
KH2PO4 Fisher Scientific
2
dextrose Fisher Scientific
2
1.2.4 Preparation of heat inactivated FBS
1) 2 X 50 mL conical tubes of aliquoted FBS were removed from the freezer
2) Tubes were warmed to 37°C in a heating water bath (tubes were inverted every 10
minutes)
3) Heated water bath temperature was turned up to 56°C
4) After the temperature of the water bath reached 56°C, the tubes were incubated for an
additional 30 minutes (tubes were inverted every 10 minutes)
5) Tubes were removed and allowed to cool to room temperature
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APPENDIX 1.3: FREEZING MEDIA PREPARATION AND STORAGE OF
BACTERIAL ISOLATES
1) 60 g fat free instant skim milk powder (Carnation; Markham, Ontario), 5 mL dimethyl
sulfoxide (DMSO; Fisher) and 5 mL glycerol (Fisher) were mixed.
2) ddH2O was added to 500 mL
3) Mixture was autoclaved at 121ºC for 15 minutes
4) Once cooled, freezing media was aliquoted into 1.5 mL cryovials and transferred into an
anaerobic chamber to degas
5) Bacterial colonies were scrapped from a petri dish and resuspended in the pre-reduced
freezing media
6) Cryovials were sealed and stored at -80ºC
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APPENDIX 1.4: RUNNING DGGE GELS
1.4.1 Agarose gel electrophoresis to check DGGE PCR products
1) Agarose powder was dissolved in Tris/EDTA (TE) buffer (10 mM Tris-HCl pH 8.0 + 1
mM EDTA pH 8.0) at a final concentration of 2%
2) Agarose-TE mixture was heated until the agarose powder melted
3) Molten agarose was poured into a medium (10 cm x 10 cm) gel casting tray
4) 5 µL of ethidium bromide (0.5 µg/mL) were mixed into the molten agarose
5) Gel was allowed to solidify (approximately 20 minutes)
6) Gel was transferred to an electrophoresis tank containing 1x TAE buffer (see Appendix
1.4.2)
7) DGGE loading dye was added to the PCR products:
a. For chemostat samples: 2 µL of each PCR product were mixed with 3µL DGGE
loading dye
b. For DGGE standard ladder strains: 12.5 µL DGGE loading dye were added
directly to each of the 5 ladder sample PCR tubes
c. For PCR blank: add 5 µL DGGE loading dye were added directly to each blank
PCR tube
8) PCR product-dye mixture was loaded into the lanes of the agarose gel
a. For chemostat samples: 5µL of the mixture were loaded onto each lane
b. For DGGE standard ladder strains: 3 µL of the mixture were loaded onto each
lane
c. For PCR blank: 5 µL and 10 µL of the mixture were loaded onto each lane
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9) 1 µL 100 bp DNA molecular size ladder (Invitrogen; Carlsbad, California) was added to
a lane of the agarose gel
10) Gel electrophoresis was carried out at 80V for 45 minutes
11) After electrophoresis was complete, the agarose gel was imaged using the SynGene Gbox gel documentation system using the Genesnap software

1.4.2 Preparation of 50x TAE (Tris-acetate-EDTA) running buffer
1) 242g Tris base were dissolved in approximately 750 mL ddH2O
2) 750 mL glacial acetic acid were added to the Tris solution
3) 100 mL 0.5 M EDTA (pH 8.0) were added to the mixture
4) ddH2O was added to 1L

1.4.3 Preparation of PCR samples to load onto DGGE gels
Three DGGE PCR reactions were concentrated for each sample using the EZ-10 Spin
Column PCR Products Purification Kit (Biobasic; Markham, Ontario).
1) A tube of sterile ddH2O was warmed to 50-60°C in a hot box
2) For each chemostat sample, three DGGE PCR reactions were pooled in a 1.5 mL tube
3) 450 µL Binding Buffer 1 were added to the tube
4) The mixture was transferred to the column (supplied as part of the kit), and incubated at
room temperature for 2 minutes
5) The tubes were centrifuged at 9725 x g for 2 minutes and the flow through was discarded
6) 500 µL of Wash Buffer were added to each column, the tubes were centrifuged at 9725 x
g for 2 minutes, and the flow through was discarded
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7) Step 6 was repeated
8) The tubes were centrifuged at 14000 x g for 3 minutes
9) The columns were transferred into a new 1.5 mL tube and 45 µL warm ddH2O (heated in
the hot box) were added to each column
10) The columns were incubated at room temperature for 2 minutes
11) The tubes were centrifuged at 9725 x g for 2 minutes and the columns were discarded
12) 10 µL DGGE loading dye were added to each tube and the tubes were gently vortexed to
mix
13) Samples were stored at 4ºC until ready to load onto the DGGE gel

1.4.4 Pouring DGGE gels
1) Glass plates were cleaned using 70% EtOH
2) Plates were arranged with 1 mm spacers between big and small plates
3) Casters were slid on and tightened (using the guide card)
4) Glass plates were placed into the pouring stand
5) Two "low" and two "high" conicals of DGGE gel mixtures were prepared (for list of
reagents see Table A2.6)
6) Urea, formamide, bis-acrylamide, TAE, and water were added to a 50 mL conical and
mixed gently (until the urea dissolved)
7) The following reagents were added to one high and one low mixture and gently mixed:
-

35 µL of 2% bromophenol blue (added to the high mixture only)

-

95 µL 10% APS (added to both mixtures)

-

55 µL TEMED (added to both mixtures)
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8) 16 mL of the low mixture were loaded into a 30 mL syringe and the syringe was attached
to the gradient pourer (on the low side)
9) 16 mL of the high mixture were loaded into another 30 mL syringe and the syringe was
attached to the gradient pourer (on the high side)
10) A y-connector was attached to the tubes attached to the high and low syringes
11) Gels were poured slowly using the gradient pourer and the comb was inserted
12) Steps 7-11 were repeated to pour the second gel
13) Gels were allowed to polymerize for at least 2 hours, then each gel was covered with a
moist paper towel and saran wrap and stored at 4ºC overnight
14) 140 mL 50x TAE was added to the DGGE running tank and dH2O was added to the
“FILL” line
15) The DGGE tank was set so it would automatically heat to 60ºC the following morning

Table A2.6 Composition of DGGE gel mixtures.
Reagent
Urea
Formamide
Bis-acrylamide (37.5:1)
50x TAE
dH2O

Low Mixture
3.15 g
3.0 mL
3.75 mL
500 µL
to 25 mL

High Mixture
5.78 g
5.5 mL
3.75 mL
500 µL
to 25 mL

1.4.5 Running DGGE gels
1) Slowly removed combs from the gels and cut away excess gel
2) Cleaned wells using 1x TAE, attached gels to gel core, placed the core into the DGGE
running tank, and heated to 60ºC
3) Loaded DGGE gel lanes
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-

Loaded 40 µL DGGE loading dye into the outside lanes

-

Loaded 40 µL of the DGGE ladder into the first, middle, and last lanes (ladder
consisted of an equal mixture of the 5 ladder sample PCR reactions)

-

Loaded 40 µL of each sample into the rest of the lanes

4) DGGE running tank buffer was reheated to 60ºC
5) DGGE gel was run at 120V for 5 hours (buffer circulating pump turned on 1 minute after
turning on the voltage)
6) Once the gel electrophoresis was complete the DGGE gels were placed into an ethidium
bromide bath (1L 1x TAE + 100 µL 0.5 µg/mL ethidium bromide) and stained for 10
minutes
7) Gels were transferred to a ddH2O water bath and destained for 10 minutes
8) Gels were transferred to the SynGene G-box gel documentation system and imaged using
the Genesnap software (saturated images were captured using the "autosat" feature)
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Figure A3.1 Redundancy analysis (RDA) at the genus-like group-level based on HITChip data of the fecal inocula and steady
state chemostat communities. The variation in the abundance of 44 genus-like level bacterial groups (represented by the arrows) is
explained to at least 30% by sample characteristics. Fecal inocula are significantly different from steady state communities as
calculated by Monte Carlo permutation test (p=0.002).

Table A3.1 Correlation coefficients (%SI) comparing the fecal inoculum (day 0) to the
corresponding steady state community (day 36).
Vessel
VA1-1
VA1-2
VA2-1
VA2-2
VB3-1
VB3-2
VB4-1
VB4-2
VC5-1
VC5-2

%SI, Day 0 vs. Day 36
By DGGE By HITChip
45.3
68.8
49.1
67.8
41.6
56.4
39.4
61.7
55.1
68.5
54.9
68.0
48.5
66.1
46.5
67.4
37.5
76.7
35.7
71.9
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100%
90%
80%

Relative Contribution

70%

60%
50%
40%
30%
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20%
10%
0%
VA1-1

VA1-2

VA2-1

VA2-2

VB3-1

VB3-2

VB4-1

VB4-2

VC5-1

VC5-2

Actinobacteria
Bacteroidetes
Bacilli
Clostridium cluster I
Clostridium cluster III
Clostridium cluster IV
Clostridium cluster IX
Clostridium cluster XI
Clostridium cluster XIII
Clostridium cluster XIVa
Clostridium cluster XV
Clostridium cluster XVI
Clostridium cluster XVII
Clostridium cluster XVIII
Uncultured Clostridiales
Cyanobacteria
Fusobacteria
Proteobacteria
Spirochaetes
Asteroleplasma
Uncultured Mollicutes
Verrucomicrobia

Figure A3.2 Relative abundance of higher taxonomic groups (~ phylum/class level) based on HITChip analysis for twin-vessel
steady state (day 36) chemostat communities.

Table A3.2 Correlation coefficients (%SI) comparing within-vessel reproducibility to betweenvessel repeatability (biological replicates) for donors A and B on days 0 and 36. NA = not
available.
Comparison
VA1-1 vs. VA1-2
VA2-1 vs. VA2-2
Run A1 vs. Run A2
VB3-1 vs. VB3-2
VB4-1 vs. VB4-2
Run B3 vs. Run B4

%SI, by DGGE
Day 0
Day 36
99.8
94.2
97.4
95.8
88.1
72.7
99.1
91.6
95.0
85.1
86.6
82.3
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%SI, by HITChip
Day 0
Day 36
NA
96.3
NA
96.5
94.3
90.6
NA
97.5
NA
95.4
97.4
94.4

Table A3.3 Ecological parameters (diversity, evenness, and richness) for each vessel immediately following inoculation (day 0)
and during steady state (day 36) as measured using DGGE and the HITChip. Runs A1, A2, B3, and B4 were used to assess
biological repeatability and runs A1, B3 and C5 were used to compare between-donor differences.
Analysis Method Vessel

DGGE
273
HITChip

VA1-1
VA1-2
VA2-1
VA2-2
VB3-1
VB3-2
VB4-1
VB4-2
VC5-1
VC5-2
VA1-1
VA1-2
VA2-1
VA2-2
VB3-1
VB3-2
VB4-1
VB4-2
VC5-1
VC5-2

Shannon Diversity Index (H’) Shannon Equitability Index (EH’) Richness (S)
Day 0
Day 36
Day 0
Day 36
Day 0 Day 36
3.46
3.34
0.81
0.78
71
71
3.48
3.38
0.82
0.79
71
71
3.44
3.29
0.81
0.78
71
68
3.45
3.23
0.81
0.77
71
68
3.18
3.31
0.76
0.79
66
65
3.17
3.24
0.76
0.78
66
65
3.22
3.13
0.77
0.75
66
64
3.22
3.18
0.77
0.77
66
64
3.32
3.20
0.80
0.79
63
57
3.32
3.07
0.80
0.76
63
57
5.45
0.81
692
5.93
0.82
1041
5.53
0.82
698
5.31
0.79
646
5.89
0.82
980
5.51
0.81
692
5.46
0.82
583
5.71
0.84
715
5.47
0.83
524
5.32
0.82
480
5.67
0.83
734
5.40
0.82
498
5.11
0.80
391
5.49
0.82
647
4.95
0.79
396

Table A3.4 Correlation coefficients (%SI) comparing runs seeded with feces from different
donors on days 0 and 36.
%SI by DGGE
%SI by HITChip
Day 0 vs. Day 0 Day 36 vs. Day 36 Day 0 vs. Day 0 Day 36 vs. Day 36
Run A1 vs. Run B3
63.2
63.2
70.4
63.2
Run A1 vs. Run C5
40.2
53.1
64.9
70.3
Run B3 vs. Run C5
40.2
46.2
63.7
74.1
Comparison
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V1/2 inoculum

Clostridium cluster XIVa
Clostridium cluster IV

V1-B4

V1-B3
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V1-P Day 48
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V1-B2

V2-B1

V1-B1
V2-B2

V2-B3 V2-B4

Bacteroidetes

V2-P Day 48
V2-P Day 36
V2-P Day 41
V1-P Day 36

-1.0

Proteobacteria

-1.5

30%

1.0

Figure A5.1 Redundancy analysis (RDA) at the genus-like level based on HITChip
compositional data of planktonic and biofilm samples. The variation in the abundance of 27
genus-like bacterial groups shown (represented by the black arrows) is explained to at least 50%
by sample characteristics. Biofilm communities are significantly different from steady state
planktonic communities as calculated by the Monte Carlo permutation test (p=0.03). Red arrows
indicate shifts in V1-P samples following clindamycin treatment, while green arrows indicate
shifts in V2-P samples (control) following water addition. Light grey circles indicate clustering
of planktonic or biofilm samples not exposed to clindamycin.
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Table A5.1 Clindamycin susceptibility profiles for 1Subdoligranulum variabile isolates and
2

Faecalibacterium prausnitzii isolates (closest relative of S. variabile; 332). S = clindamycin

sensitive, R = clindamycin resistant. NA = not available.
Strain
22-5-S 19 D5 FAA1
6/1/47 FAA1
22-5-I 24 FAA1
16-6-I 40 FAA2
22-5-I 5 FAA NB2

0.2 µg clindamycin
R
NA
S
R
R

2 µg clindamycin
R
NA
S
R
R

276

4 µg clindamycin
R
S
S
R
R
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V2-B3

V1-B4

V2-B4
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Figure A5.2 Percent abundance of genus-like members (level 2) from the Bacteroidetes-like phylum (level 1) based on HITChip
analysis for the fecal inoculum, planktonic communities and biofilm communities. As seen here, clindamycin treatment caused a
sharp decline in Bacteroides diversity, which did not return to their starting composition following clindamycin treatment. These
results are comparable to data obtained from human subjects in a study by Jernberg et al. (231).
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Table A6.1 Species-like groups that can be detected for each of the genus-like levels listed in Table 6.7 using the HITChip. N/A
= not applicable.
Higher taxonomic groups

Level 2
(genus-like level)

Bifidobacterium

Bacteroidetes

Alistipes et rel.

279

Actinobacteria

Species/strains that have been
validated with the HITChip
Bifidobacterium adolescentis
Bifidobacterium angulatum
Bifidobacterium animalis
Bifidobacterium bifidum
Bifidobacterium breve
Bifidobacterium catenulatum
Bifidobacterium dentium
Bifidobacterium gallicum
Bifidobacterium infantis
Bifidobacterium longum
Bifidobacterium pseudocatenulatum
Bifidobacterium pseudolongum
Bifidobacterium thermophilum
uncultured bacterium Adhufec069rbh
Uncultured bacterium clone Eldhufec085
Uncultured bacterium clone Eldhufec088
uncultured Bifidobacterium sp. 13D
uncultured Bifidobacterium sp. 15D
uncultured Bifidobacterium sp. 16B
uncultured Bifidobacterium sp. 16C
uncultured Bifidobacterium sp. 9A
uncultured Bifidobacterium sp. 9C
Alistipes finegoldii
Alistipes putredinis
Bacteroides sp. ANH 2438
Bacteroides sp. CJ44
Bacteroides sp. DSM 12148
uncultured bacterium adhufec52.25
uncultured bacterium C706
uncultured bacterium D080
uncultured bacterium HuCA7

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Bifidobacterium adolescentis
Bifidobacterium longum
Bifidobacterium pseudocatenulatum

Bacteroides spp.

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)

Alistipes et rel.
cont.

Bacteroides ovatus et rel.

280

Bacteroides splachnicus et rel.
Bacteroidetes
cont.

Bacteroides stercoris et rel.

Bacteroides uniformis et rel.

Bacteroides vulgatus et rel.

Species/strains that have been
validated with the HITChip
uncultured bacterium LJ01
uncultured bacterium M162
uncultured bacterium M516
uncultured bacterium MG06
uncultured bacterium NH37
uncultured bacterium NN46
Bacteroides caccae
Bacteroides ovatus
Bacteroides sp. CS3
Uncultured bacterium clone Eldhufec030
uncultured bacterium HuCA34
uncultured bacterium HuCC30
uncultured bacterium LCLC24
uncultured bacterium NC94
uncultured bacterium NP35
uncultured bacterium NN84
uncultured bacterium NP53
uncultured bacterium NX93
bacterium adhufec303
Bacteroides eggerthii
Bacteroides stercoris
Uncultured bacterium clone Eldhufec025
Uncultured bacterium clone Eldhufec057
uncultured bacterium NO48
Bacteroides uniformis
uncultured Bacteroides sp. NS2A11
bacterium adhufec27
Bacteroides vulgatus
uncultured bacterium ABLC36
uncultured bacterium ABLC8
uncultured bacterium ABLCf3
uncultured bacterium HuCA9
uncultured bacterium HuCB3
uncultured bacterium HuCB6
uncultured bacterium LCLC45
uncultured bacterium LCLC5

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Bacteroides spp.

Bacteroides ovatus

Bacteroides spp.

Bacteroides spp.

Bacteroides spp.

Bacteroides vulgatus

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)
Bacteroides vulgatus et rel.
cont.

Bacteroidetes
cont.
Parabacteroides distasonis et rel.
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Bacilli

Streptococcus bovis et rel.

Clostridium cluster IV

Faecalibacterium prausnitzii et rel.

Firmicutes

Species/strains that have been
validated with the HITChip
uncultured bacterium LCLC6
uncultured bacterium LCRC22
uncultured bacterium OLDA-A2
Parabacteroides distasonis
Parabacteroides goldsteinii
Parabacteroides merdae
uncultured bacterium ABLCf15
Uncultured bacterium clone Eldhufec042
uncultured bacterium LCLC20
uncultured bacterium LV88
uncultured bacterium M270
uncultured bacterium MH76
uncultured bacterium Y112
Streptococcus agalactiae
Streptococcus bovis
Streptococcus equi subsp. zooepidemicus
Streptococcus equinus
Streptococcus equisimilis
Streptococcus infantarius subsp. coli
Streptococcus pyogenes
Streptococcus salivarius
Streptococcus sp. CB1
Streptococcus thermophilus
Streptococcus uberis
uncultured bacterium OLDA-B7
bacterium adhufec113
bacterium adhufec218
bacterium adhufec365
butyrate-producing bacterium A2-165
Faecalibacterium prausnitzii
uncultured bacterium A10
uncultured bacterium ABLCf5
uncultured bacterium adhufec08.25
Uncultured bacterium clone Eldhufec227
Uncultured bacterium clone Eldhufec228
Uncultured bacterium clone Eldhufec252

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*
Bacteroides vulgatus

Parabacteroides distasonis

Streptococcus mitis

Faecalibacterium prausnitzii

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)

Faecalibacterium prausnitzii et rel.
cont.
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Firmicutes
cont.

Clostridium cluster IV
cont.

Oscillospira guillermondii et rel.

Species/strains that have been
validated with the HITChip
Uncultured bacterium clone Eldhufec255
Uncultured bacterium clone Eldhufec256
Uncultured bacterium clone Eldhufec259
Uncultured bacterium clone Eldhufec261
Uncultured bacterium clone Eldhufec276
Uncultured bacterium clone Eldhufec281
Uncultured bacterium clone Eldhufec282
Uncultured bacterium clone Eldhufec288
Uncultured bacterium clone Eldhufec289
uncultured bacterium HuCA11
uncultured bacterium KP66
uncultured bacterium L308
uncultured bacterium L420
uncultured bacterium M484
uncultured bacterium MG85
uncultured bacterium MJ65
uncultured bacterium MN45
uncultured bacterium NC10
bacterium adhufec269
uncultured bacterium A051
uncultured bacterium B811
uncultured bacterium C574
Uncultured bacterium clone Eldhufec223
Uncultured bacterium clone Eldhufec257
Uncultured bacterium clone Eldhufec283
Uncultured bacterium clone Eldhufec285
Uncultured bacterium clone Eldhufec286
Uncultured bacterium clone Eldhufec301
uncultured bacterium D134
uncultured bacterium D288
uncultured bacterium D440
uncultured bacterium HuCB7
uncultured bacterium HuRC81
uncultured bacterium LD59
uncultured bacterium LE02
uncultured bacterium MA30

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Faecalibacterium prausnitzii

Flavonifractor plautii
Eubacterium desmolans

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)

Oscillospira guillermondii et rel.
cont.

Papillibacter cinnamivorans et rel.
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Firmicutes
cont.

Clostridium cluster IV
cont.

Ruminococcus callidus et rel.

Subdoligranulum variable at rel.

Species/strains that have been
validated with the HITChip
uncultured bacterium MM71
uncultured bacterium N139
uncultured bacterium OLDA-D11
uncultured bacterium OLDA-H2
uncultured bacterium OLDB-B7
uncultured bacterium V239
uncultured human gut bacterium JW1C11
uncultured human gut bacterium JW2D11
bacterium adhufec296
butyrate-producing bacterium A2-207
uncultured bacterium cadhufec32c10
Uncultured bacterium clone Eldhufec258
uncultured bacterium ZO15
uncultured Gram-positive bacterium NB2C3
uncultured Gram-positive bacterium NB5F9
uncultured Gram-positive bacterium NO2-21
uncultured Gram-positive bacterium NS2D7
uncultured Gram-positive bacterium NS2H9
bacterium adhufec58
Clostridium methylpentosum
Ruminococcus albus
Ruminococcus callidus
Ruminococcus flavefaciens
Uncultured bacterium clone Eldhufec284
uncultured bacterium D005
uncultured bacterium D739
uncultured bacterium D789
uncultured bacterium MF20
uncultured bacterium MH26
uncultured Gram-positive bacterium NS4G9
uncultured Ruminococcus sp. NB2F11
uncultured Ruminococcus sp. NO11
bacterium A03
bacterium adhufec13
human intestinal firmicute CJ7
Subdoligranulum variabile

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Flavonifractor plautii
Eubacterium desmolans

Flavonifractor plautii
Eubacterium desmolans

Faecalibacterium prausnitzii

Faecalibacterium prausnitzii

Table A6.1 Continued
Higher taxonomic groups

Clostridium cluster IV
cont.

Level 2
(genus-like level)

Subdoligranulum variable at rel.
cont.

284
Firmicutes
cont.

Dialister

Clostridium cluster IX

Phascolarctobacterium faecium et rel.

Clostridium cluster XIVa

Anaerostipes caccae et rel.

Species/strains that have been
validated with the HITChip
uncultured bacterium ABLCf22
Uncultured bacterium clone Eldhufec222
Uncultured bacterium clone Eldhufec243
Uncultured bacterium clone Eldhufec268
Uncultured bacterium clone Eldhufec271
Uncultured bacterium clone Eldhufec300
Uncultured bacterium clone Eldhufec302
uncultured bacterium HuCB5
uncultured bacterium LC79
uncultured bacterium M479
uncultured bacterium OLDA-E4
uncultured Gram-positive bacterium NO2-41
uncultured Gram-positive bacterium NB4C12
uncultured Gram-positive bacterium NB5C6
uncultured human gut bacterium JW1D4
Dialister invisus
Dialister pneumosintes
Uncultured bacterium clone Eldhufec089
Uncultured bacterium clone Eldhufec093
uncultured bacterium MG10
uncultured Gram-positive bacterium NS2B11
Acidaminococcus fermentans
bacterium adhufec395
Uncultured bacterium clone Eldhufec094
Uncultured bacterium clone Eldhufec097
uncultured bacterium D115
uncultured bacterium OLDB-B2
uncultured bacterium OLDB-D6
uncultured Gram-positive bacterium NB4G9
Anaerostipes caccae
bacterium adhufec25
Clostridium indolis
uncultured bacterium HuCA20
uncultured bacterium L902
uncultured bacterium LCRC9
uncultured Gram-positive bacterium NB2G8

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Faecalibacterium prausnitzii

Acidaminococcus intestini

Acidaminococcus intestini

Anaerostipes hadrus

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)
Anaerostipes caccae et rel.
cont.

Butyrivibrio crossotus et rel.

285
Firmicutes
cont.

Clostridium cluster XIVa
cont.

Clostridium symbiosum et rel.

Species/strains that have been
validated with the HITChip
uncultured Gram-positive bacterium NO2-51
uncultured human gut bacterium JW1A1
uncultured human gut bacterium JW2C7
Butyrivibrio crossotus
Eubacterium ramulus
uncultured bacterium ABLCf20
uncultured bacterium adhufec43.25
Uncultured bacterium clone Eldhufec138
Uncultured bacterium clone Eldhufec147
Uncultured bacterium clone Eldhufec155
Uncultured bacterium clone Eldhufec167
Uncultured bacterium clone Eldhufec244
uncultured bacterium D373
uncultured bacterium D680
uncultured bacterium D692
uncultured bacterium D726
uncultured bacterium D738
uncultured bacterium HuCB40
uncultured bacterium MG71
uncultured bacterium OLDA-D12
uncultured Gram-positive bacterium NB5D7
uncultured Gram-positive bacterium NS4A6
butyrate-producing bacterium GM2/1
butyrate-producing bacterium M62/1
Clostridium bolteae
Clostridium clostridiiformes
Clostridium sp. N6
Clostridium symbiosum
uncultured bacterium Adhufec071rbh
uncultured bacterium B147
uncultured bacterium B395
uncultured bacterium B840
Uncultured bacterium clone Eldhufec100
uncultured bacterium E024
uncultured bacterium E108
uncultured bacterium HuCC34

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*
Anaerostipes hadrus

Eubacterium eligens

Clostridium bolteae

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)

Clostridium symbiosum et rel.
cont.
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Firmicutes
cont.

Clostridium cluster XIVa
cont.

Eubacterium hallii et rel.

Eubacterium rectale et rel.

Lachnobacillus bovis et rel.

Species/strains that have been
validated with the HITChip
uncultured bacterium inhufecA-32
uncultured bacterium K094
uncultured bacterium K375
uncultured bacterium L812
uncultured bacterium LCTI22
uncultured bacterium M431
uncultured bacterium M985
uncultured bacterium MB66
uncultured bacterium MD61
uncultured bacterium MI29
uncultured bacterium N322
uncultured bacterium V213
uncultured Gram-positive bacterium NB2A1
uncultured Gram-positive bacterium NO59
uncultured Gram-positive bacterium NS2G4
uncultured human gut bacterium JW1C1
uncultured human gut bacterium JW1D8
Eubacterium hallii
uncultured bacterium HuCA15
uncultured bacterium HuCB26
uncultured bacterium HuCC15
butyrate-producing bacterium L1-83
Butyrivibrio fibrisolvens
Eubacterium rectale
Lachnobacterium sp. wal 14165
uncultured bacterium A22
uncultured bacterium D522
uncultured bacterium HuCA8
uncultured bacterium HuCB37
uncultured bacterium M372
bacterium A11
bacterium adhufec68
uncultured bacterium B558
Uncultured bacterium clone Eldhufec128
Uncultured bacterium clone Eldhufec137
Uncultured bacterium clone Eldhufec139

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*

Clostridium bolteae

Eubacterium spp.

Eubacterium rectale

Eubacterium rectale
Roseburia faecalis
Roseburia intestinalis

Table A6.1 Continued
Higher taxonomic groups

Level 2
(genus-like level)

Lachnobacillus bovis et rel.
cont.

Lachnospira pectinoschiza et rel.

287
Firmicutes
cont.

Clostridium cluster XIVa
cont.

Outgrouping Clostridium cluster XIVa

Roseburia intestinalis et rel.

Species/strains that have been
validated with the HITChip
Uncultured bacterium clone Eldhufec153
uncultured bacterium D695
uncultured bacterium HuRC64
uncultured bacterium ME11
Uncultured bacterium UC7-39
butyrate-producing bacterium A2-175
butyrate-producing bacterium L2-10
Coprococcus catus
Eubacterium eligens
Lachnospira pectinoschiza
uncultured bacterium ABLCf6
uncultured bacterium Adhufec019rbh
Uncultured bacterium clone Eldhufec108
Uncultured bacterium clone Eldhufec140
uncultured bacterium KO89
uncultured bacterium LZ58
uncultured bacterium NW71
Uncultured bacterium UC7-131
Uncultured bacterium UC7-62
uncultured human gut bacterium JW1G3
bacterium adhufec236
bacterium adhufec405
bacterium adhufec52
Clostridium aminovalericum
human intestinal firmicute CO2
uncultured bacterium A12
Uncultured bacterium clone Eldhufec129
Uncultured bacterium clone Eldhufec143
Uncultured bacterium clone Eldhufec145
uncultured bacterium HuCB56
uncultured bacterium LL95
uncultured bacterium MK42
uncultured Gram-positive bacterium NB5G12
uncultured Gram-positive bacterium NO19
uncultured Gram-positive bacterium NS4B5
bacterium adhufec225

*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*
Eubacterium rectale
Roseburia faecalis
Roseburia intestinalis

Lachnospira pectinoschiza

Eubacterium spp.

Roseburia intestinalis

Table A6.1 Continued
Higher taxonomic groups
Firmicutes
cont.

Level 2
(genus-like level)

Clostridium cluster XIVa
cont.

Roseburia intestinalis et rel.
cont.

Proteobacteria

Enterobacter aerogenes et rel.

Verrucomicrobia

Akkermansia

Species/strains that have been
validated with the HITChip
butyrate-producing bacterium L1-81
Roseburia intestinalis
uncultured bacterium HuCA28
Citrobacter braakii
Citrobacter freundii
Citrobacter murliniae
Citrobacter werkmanii
Enterobacter aerogenes
Enterobacter cancerogenus
Uncultured bacterium clone Eldhufec065
Uncultured bacterium clone Eldhufec068
uncultured bacterium OLDA-E9
Akkermansia muciniphila
Uncultured bacterium clone Eldhufec002
uncultured bacterium HuRC51
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*Based on the All-Species Living Tree found at http://www.arb-silva.de/projects/living-tree/

Members of the defined communities
that are expected to be classified
within the genus-like group*
Roseburia intestinalis

Raoultella sp.

N/A

