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Abstract 
 
Background: Fecal Microbial Transplantation (FMT) has gained popularity due to its efficacy in the 

treatment of recurrent Clostridium difficile infection (RCDI).   RCDI is associated with prolonged courses 

of antibiotics with high recurrence rates following the initial resolution of symptoms.  The increased use of 

antibiotics in both healthcare and agriculture has led to increased prevalence of antibiotic-resistant 

microbes. Therefore, we first tested the hypothesis that patients with RCDI would harbor high numbers of 

antibiotic-resistant bacteria and secondly, that FMT would reduce the number of antibiotic-resistant gene 

containing bacteria. Furthermore, the association between microbial dysbiosis and inflammatory bowel 

disease (IBD) has enhanced interest in therapies targeting the microbiota.  For RCDI, resolution of the 

infection using FMT correlates with efficient engraftment of the donor microbiota.  The purpose of our 

mouse studies was to determine the efficiency of donor microbiota engraftment into the recipient following 

a short pre-FMT treatment regimen and investigate if this changed the FMTs ability to reduce the 

development of colitis in Interleukin-10 knockout (IL-10 -/-) mice. 

Methods: Using shotgun metagenomics, we sequenced the microbiota of 20 RCDI patients.  The libraries 

from the RCDI patients and a healthy cohort (n=87) obtained from the Human Microbiome Project (HMP) 

were aligned against the NCBI bacterial taxonomy database and the Comprehensive Antibiotic Resistance 

Database (CARD).  Results were corroborated through a DNA microarray containing 354 antibiotic 

resistance (ABR) genes. In mice, the microbiota was analyzed at baseline (day 0), following treatment (day 

3), three days after FMT (day 7) and 31 days following FMT (day 35) using real-time PCR and 16S rRNA 

sequencing.  Sequencing data was processed using the QIIME pipeline.  Gastrointestinal inflammation was 

quantified by measuring cytokines from the stool, cecum tissue, small intestine tissue, and serum, as well as 

histology scoring of the small intestine and colon. 

Conclusion:  RCDI patients have increased numbers of antibiotic-resistant organisms.  FMT is effective in 

the eradication of pathogenic antibiotic-resistant organisms and elimination of antibiotic-resistance genes.  

Regardless of the pre-FMT treatment regimen, strong engraftment of the donor microbiota into a healthy 

recipient was observed and remarkably was maintained after four weeks.  In an IBD model, our results 

indicate that preparation of the host has substantial effects on the efficacy of FMT and should be considered 

moving forward in FMT research for other diseases.  
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Chapter 1: The Microbiota in Clostridium difficile Infection and 

Inflammatory Bowel Disease and Implications for Fecal Microbiota 

Transplantation 
 

1.1 Introduction 

 

 All of the bacteria colonizing the human gastrointestinal tract are referred to as 

our microbiota.  It is known that the human gut contains over 1000 different species and 

10
14

 total bacteria which are implicated to play a significant role in human health and 

diseases.(1)  Ecology (from the Greek Oikos, home, and logos, to study) is the scientific 

study of the interactions between living organisms and the environment they occupy.  

The interactions exist on a hierarchical scale from the smallest single cell organisms to 

the biggest multicellular organism and their environment, as well as between organisms 

that occupy the same environment.  The macroscopic interactions between organisms can 

be described by how the interaction affects each party.  They are defined as interactions 

where both organisms benefit (mutualism), one organism benefits, the other is unaffected 

(commensalism), one organism benefits and the other is negatively affected (parasitism), 

one organism is unaffected, and the other is negatively affected (amensalism), and finally 

where both organisms are adversely affected (competition).  There are both biotic and 

abiotic factors that play a significant role in determining the distribution of organisms 

within their environment.  How a species uses the biotic and abiotic resources in its 

environment is referred to as the species’ ecological niche, whereby competitive 

exclusion means that no two species can co-exist in the same niche.  When two or more 
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species co-exist within the same geographical area at the same time, this is referred to as 

a biological community.  Species can only co-exist in a community with one another as 

long as there are one or more significant differences in their niches.   The species 

diversity of a community, or the variety of organisms that make up the community, has 

two different components.  The species richness, or the number of different species in the 

community, and the relative abundance, or the proportion each species represents of the 

total population.  More specifically, alpha-diversity describes community composition in 

a single or local environment (one individual), and beta-diversity is used when describing 

the differences in community composition between environments.(2)  When the 

ecosystem itself resides within an organism, such as the microbiota of the gastrointestinal 

tract of humans, both ecology and physiology play a fundamental role in determining the 

community composition.  It is well understood that increased fitness results from the 

mutualistic relationship between the human host and the microbiota residing in the gut, 

which perform a variety of functions.(3)  Many of the interactions between the bacteria 

within the gut community, and between prokaryotic and eukaryotic cells are hypothesized 

to have substantial effects on the health of the host, but very few specific relationships 

have been elucidated to date.  

 

The human gut microbiota is similar to other complex ecosystems in that it is 

dynamic and has a stable average state.  Stability, in the context of a community, is its 

ability to reach and maintain a relatively constant composition of species in their richness 

and relative abundance.  The human gastrointestinal tract is a complex organism 

containing up to 100 trillion microbes.  Despite the vast number of microbes, the human 
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gut is extremely selective and is dominated by just two bacterial phyla, the Bacteoidetes, 

and the Firmicutes.(4)  The selective pressures that determine the microbial composition 

at each location along the intestinal tract remain largely unknown, and there are many 

environmental and genetic factors that help shape the microbiome of each individual.(5-

8)  The protective, structural, and metabolic activities of resident commensal gut 

microbes have some diverse implications on the health of the host, and in recent years, a 

disturbed microbiome has been associated with many disease states, including 

inflammatory bowel disease (IBD).(9-14)   

 

The development of a somewhat familiar gut microbiota is the result of basic 

Darwinism, whereby a precise and stable combination of microbes provide increased 

fitness for the host, which in turn provides a greater number of environments in which the 

organism can live.(3)  The phylogenetic composition of the human gut microbiota is 

dominated by Firmicutes and Bacteroidetes, which has been verified using next 

generation sequencing.   Industrialization, western society, including diet, hygiene, and 

medicine, has had a significant impact on this ecological equilibrium and in the past 

decade, has been associated with increased incidence of gastrointestinal diseases.(15) 

Although there are over a thousand different bacterial species that have been found in the 

gut of humans, each person typically only has approximately 160 different species, 

suggesting that an individual’s microbiota is distinct, and is altered to varying extents by 

various environmental conditions and their immune system.(16)   
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Those microbes that appear to be more stable within an individual over time are 

those that make up a large proportion of the total bacteria.(17-20)  These are described as 

foundation taxon due to their extensive interactions with other taxa and ability to create a 

locally stable environment for other species.  In addition, foundation taxa are numerically 

dominant while keystone species are present at low abundances and have a high degree of 

ecological connectedness. Trosvik et al. identified Bacteroidetes as an important 

foundation taxa and Actinobacteria as a keystone species.(21)  Keystone species, 

therefore, represent a vulnerable point for the gut microbiota where their loss could have 

vast implication on ecological homeostasis.  Imbalance of the gut microbiota, known as 

‘dysbiosis,’ is a concept which describes the loss of the balance between “protective” 

versus “harmful” bacterial species, where the host may become more susceptible to 

infection by opportunistic pathogens due to the loss of colonization resistance.(22)  Also, 

it is now apparent that the microbiota can drive the development of diseases, and in some 

circumstances, when proper functionality can be re-established, to treat disease.  It was 

recently suggested that this term is being misused in that it is believed it falsely 

represents a better understanding of gastrointestinal ecology than what we currently 

have.(23)   

 

New methods of DNA sequencing are unable to differentiate between active and 

inactive organisms, making it difficult within the context of microbiota dysbiosis to 

determine the ecological importance of changes in the proportion of particular species.  

The ability of individual members of the microbiota to induce host innate immune 

responses is not proportional to their abundance in the community, and, therefore, makes 
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their functional capacity unknown without further investigation beyond microbiome 

sequencing.(24)  The importance of specific gut microbes is evident in that a single 

bacterial molecule (polysaccharide A) from Bacteroides fragilis has been shown to work 

actively with the host’s immune system to prevent intestinal inflammation.(25)  In recent 

decades, next generation sequencing has created almost as many new questions about the 

gut microbiota as it has answered, providing scientists with endless opportunities to study 

the role of the microbiota in health and disease. 

 

1.2 Clostridium difficile infection 

 

1.2.1 Introduction 

Clostridium difficile infection (CDI) is a leading cause of antibiotic-associated 

diarrhea (AAD), which has increased in both incidence and severity over the last 

decade.(17)  It is typically transferred via the fecal-oral route and infects the large bowel 

of the host.  Infection ranges from mild symptoms of stomach pain, diarrhea, and 

dehydration, to fulminant colitis and toxic megacolon, which when untreated may result 

in death.  C. difficile is a gram-positive, anaerobic, spore-forming bacterium with the 

ability to produce two toxins, enterotoxin A (TcdA) and cytotoxin B (TcdB) which confer 

virulence.  C. difficile is has not been shown to be invasive, and extra-intestinal infections 

are extremely rare.  Diagnosis is currently based on protein or gene detection of either 

toxin A or B using enzyme immunoassay or by DNA-based tests on stool samples 

obtained from the patient.  More hospital laboratories have adopted DNA-based tests as 

they provide higher sensitivity and specificity than the enzyme immune assays.  Infection 
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control and prevention measures for C. difficile consist predominately of traditional 

approaches targeting the bacteria prior to colonization of a host.  These include washing 

surfaces with 10% sodium hypochlorite, use of barriers, and thorough hand washing with 

chlorhexidine.(26)   

 

1.2.2 Epidemiology and Pathology 

There is increasing epidemiology evidence in the literature that the incidence of 

C. difficile infection is worsening at a dramatic rate globally, resulting in higher 

mortality.(27-30)  A systematic review of studies determining risk factors for CDI 

showed the strongest risk associated with duration of antibiotics, multiple antibiotics, 

anti-ulcer medications (including antacids, H2 blockers and proton pump inhibitors 

(PPIs)), the length of hospital stay and increasing age, providing evidence for its 

multifactorial etiology.(31)  C. difficile is present in 3% of the healthy adult population, 

but up to 20-50% of adults in hospitals and long-term care facilities become colonized, 

characterizing it as a prevalent nosocomial infection.(32)  Levy et al. projected the 

number of C. difficile infections in Canada as 37,900 episodes in Canada in 2012; 7980 

(21%) of which were relapses.  This infection rate has both a financial and societal 

burden with an estimated expense to society of $281 million from one study; 92% of 

which was the result of in-hospital costs, 4% the result of direct medical costs to the 

community, as well as 4% due to lost productivity.(33)   

 

The ability of Clostridium difficile to form spores resistant to a variety of harsh 

environments is believed to be an important factor in enabling it to persist in patients and 
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the environment increasing likelihood of transmission.  Transmission of C. difficile 

occurs through ingestion of the bacteria and its spores, which can pass through the acidic 

environment of the stomach and germinate in the small bowel of the gastrointestinal tract 

when exposed to bile acids.  Some patients become asymptomatic carriers of the bacteria 

while in others it results in C. difficile-associated diarrhea (CDAD).  Kyne et al. showed 

that asymptomatic carriers had increased serum levels of IgG antibodies against toxin 

A.(34) This suggests that there is still an important role of host humoral immunity in the 

prevention of CDI symptoms in addition to the colonization resistance provided by a 

healthy microbiota.   

 

  The main virulence factors of toxigenic C. difficile, are toxins A and B and 

hydrolytic enzymes.  These cause an inflammatory response that increases vascular 

permeability and immune cell recruitment, followed by epithelial tight junction opening 

and cellular apoptosis and connective tissue degradation.(35)  Also, in-vitro experiments 

showed that both highly and moderately virulent strains of C. difficile were able to 

localize to two cultured human cell lines: Caco-2 cell and the human mucus-secreting 

HT29-MTX cells.(36)  This ability to adhere to the gut epithelium would allow for the 

efficient delivery of toxin to epithelial cells.  In another in-vitro study, a novel colonocyte 

plasma membrane protein, glycoprotein 96, was found to be the integral cell surface 

receptor responsible for internalization of toxin A.(37)  Other virulence factors, such as 

hydrolase activity, which initially was hypothesized to be important in C. difficile 

virulence, showed no direct correlation between toxigenic status, or virulence and 

hydrolytic enzyme production.(38)  Therefore, in recent years, the pathophysiology of C. 



8 

 

difficile has become more understood, with a focus on toxin A and B, epithelial adhesion 

and host-dependent factors that allow this organism to be virulent.  

 

1.2.3 Treatment and Recurrence 

Ironically, first line treatment for CDI has been since the 1970s, a course of 

antibiotics, starting with metronidazole.  If metronidazole does not clear the infection, a 

course of oral vancomycin or in severe and complicated cases, a combination of the two 

is used.  However, despite their use for such an extended period, clinically relevant 

resistance to either metronidazole or vancomycin in C. difficile has never been reported.  

The infectious diseases society of America (IDSA) guidelines updated in 2010 suggests 

that patients presenting for the first time, having recurrent mild to moderate disease 

should be treated with Metronidazole 500 mg three times per day for ten days while 

severe infections should be treated with vancomycin 125mg orally four times a day for 

ten days.(39)  Depending on the severity of the symptoms, other co-morbidities, and the 

number of CDI infections, the ISDA suggest several different approaches for treatment, 

such as tapering or pulse dosing, and long-term dosing.   A study using an in vitro human 

gut model showed that extended dosing regimens of vancomycin may not be more 

helpful in achieving sustained clinical cure in that it would further exacerbate intestinal 

microbiota dysbiosis.(40)  Vancomycin is recommended for continued treatment of CDI 

due to the risk of neuropathy from continued metronidazole use.  Treatment modalities, 

therefore, vary based on disease severity, host factors, and the number of recurrences.    
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Debast et al. summarized the current literature looking at antibiotic treatment for 

initial CDI and found that a sustained response was maintained in a variable number of 

patients, as low as only 52% to as high as 93%.(41) It is commonly quoted that the risk of 

the recurrence for CDI is 20-30% within 30 days of initial treatment, and increases 

further up to 50% after a second episode.(32, 41, 42)  A study looking at the strains 

isolated from 93 patients showed that less than half (48.4%) of all clinical recurrences 

were re-infections with a different strain.(43)  Therefore, a large proportion of CDI are 

not simply the result of re-exposure to C. difficile but are recurrences that result from the 

organism persisting in the gastrointestinal lumen following antibiotic treatment.  

Fortunately, over 90% of first recurrences can be treated in the same way as initial 

infections, however, the remaining 10% continue to be a challenge for physicians to 

treat.(44)  Experimental treatment options for patients with recurrent CDI (RCDI) and/or 

refractory disease focus mainly on the development of new antibiotics, such as 

fidaxomicin, tigecycline, teicoplanin, nitazoxanide, ramoplanin, and rifaximin, although 

these are not used much clinically and have the potential to develop the same issues as 

current treatments.   

  

1.2.4 Fecal Microbial Transplantation in CDI and RCDI 

 Fecal microbial transplantation (FMT) has only recently become a popular and 

widely accepted approach to treating RCDI, and our understanding of the gut microbiota 

continues to expand paving the way for its expansion into other diseases and infections.  

Colonization resistance to C. difficile infection is the result of ecological forces alluded to 

previously which are at play in the gut microbiota of a mature adult.  Since their creation, 
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antibiotics have had massive implications in modern medicine, reducing the number of 

deaths caused by bacterial infections while causing some adverse side effects, in 

particular, antibiotic-associated diarrhea (AAD), such as CDI.  The microbial dysbiosis 

and reduced number of bacteria in these individuals caused by repeated courses of 

antibiotics allow the microbiota from a healthy donor to colonize the intestinal tract 

following FMT much more efficiently because the bacteria can occupy specific niches, 

re-establishing colonization resistance in the host, and fighting off the infection.(45) 

 

 FMT has been offered via some different delivery methods including colonoscopy, 

a nasogastric tube, percutaneous endoscopic gastrostomy, retention enema, and orally in 

the form of frozen pills.  Current literature suggests that colonoscopy is the most efficient 

route of FMT delivery for the treatment of RCDI. (46, 47)  A review and meta-analysis 

which included 18 observational studies found that 531 of 611 patients experienced 

primary cure (pooled rate, 91.2%; 95% CI, 86.7-94.8%), with overall, early and late 

recurrence rates of 5.5% (95% CI, 2.2-10.3%), 2.7% (95% CI, 0.7-6.0%) and 1.7% (95% 

CI, 0.4-4.2%).(48)  In these studies, most of the recurrences were the result of the patient 

being exposed again to antibiotics.  In total 38 cases of death were reported in 7 of the 18 

studies, where the relation of FMT to death ranged from unrelated to possibly related.  In 

a review of 1190 patients receiving FMT for  RCDI, the most common adverse events 

associated with the procedure were abdominal distension/bloating/cramping (2.35%), 

flatulence (2.1%), and diarrhea (1.93%).(49)  This demonstrates the safety of FMT, 

although this data comes predominately from case studies and series, and not randomized 

controlled trials.  Also, other factors can complicate this procedure or reduce the efficacy 
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of CDI eradication.  Khoruts et al. showed that having an underlying IBD reduced the 

efficacy of FMT for RCDI (74.4% vs 92.1%).  However, it was still very efficacious 

where following a second FMT, the success rate increased to 82.9% in IBD patients and 

98.7% in non-IBD patients.(50)  FMT also posed a risk to the patients with underlying 

IBD, where 11 of 43 (25.6%) of the patients had an FMT-related flare of their disease.  

This further emphasizes the complex interactions between the microbiota, the host 

immune system, and genetics, and whether or not it should be used to treat patients 

suffering from RCDI who have underlying IBD, as well as whether or not it presents as a 

possible treatment modality for IBD.  The female sex, previous hospitalization, and 

previous surgeries were other risk factors found to associated with FMT failure in a 

retrospective study of 201 patients, however, no variables were identified that may help 

us predict FMT failure.(47)   

 

A retrospective study looking at all published cases showed that FMT via 

colonoscopy was the most beneficial strategy in 87% of the trials looking at the treatment 

of RCDI at a willingness-to-pay of $50,000/QALY (quality adjusted life year).(51) 

Timely delivery of FMT has been shown to be cost-effective (mean cost saving $29,842 

CAD per patient) when FMT is given before the onset of a third RCDI recurrence, with 

similar infection eradication rates.(52)  Based on current literature for FMT as a treatment 

for RCDI, it appears to be the most effective therapy available, with the lowest cited rates 

of recurrence and few adverse events related to the procedure, however, long-term effects 

of FMT should be the focus of future investigations.  Although useful for CDI and RCDI, 
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the expansion of FMT as a therapeutic for other diseases still requires a lot of research to 

determine both its efficacy and safety. 

 

1.3 Inflammatory Bowel Disease 

 

1.3.1 Introduction 

The two most studied and characterized forms of IBD are Crohn’s disease (CD) 

and ulcerative colitis (UC); both of which are characterized by relapsing and remitting 

chronic inflammation of the gastrointestinal tract.
 
 Although our understanding of these 

two predominate forms of IBD has continually been expanding since they were first 

described, UC in the mid-1800s, and CD later in 1932,(53, 54) we still lack a definitive 

understanding of the disease etiology.  These two forms share many clinical and 

epidemiological characteristics, suggesting similar underlying causes, and approximately 

10% of patients are diagnosed with a colitis that has features of both UC and CD, referred 

to as indeterminate colitis.(55)  Current knowledge suggests a multifactorial etiology, 

with genetic, environmental, and gut microbial components, resulting in an aberrant 

immunological reaction and resulting symptoms.(56, 57)  

 

 CD can affect any portion of the gastrointestinal tract from the mouth to the anus, 

however, three phenotypes are predominately observed, ileal (distal small intestine), 

colonic or ileocolonic CD.(58)  CD frequently presents with abdominal pain, fever and 

clinical signs of bowel obstruction or diarrhea with passage of blood or mucus, or 

both.(59)  In contrast, UC is a disease characterized by inflammation of the mucosal layer 
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commencing in the rectum (proctitis) and some cases spreading to the rest of the colon.  

The primary presenting symptom of UC is visible blood in the stool, with or without 

mucus which is reported in more than 90% of cases.(60)  The onset is typically gradual, 

and the disease course is often characterized by periods of spontaneous remission and 

subsequent relapse, and that is less prone to complications than CD. 

 

1.3.2 Epidemiology 

The incidence and prevalence of IBD vary geographically, with associations to 

industrialization as seen by high rates observed in the United Kingdom, Northern Europe, 

Canada, and the United States and lowest in continental Asia, although they are 

increasing rapidly globally.(56, 61)  Previously published studies identified a north-south 

gradient, however, more recent reports indicate that incidence and prevalence are much 

the same in the southern hemisphere as in the northern hemisphere.(62)   The annual 

incidence rates vary by geographic region, with UC estimates ranging from zero to 24.3 

and CD from zero to 20.2 per 100,000 and prevalence of UC ranging from 4.9 to 505 and 

CD from 0.88 to 318.5 per 100,000.(63)  The observed incidence of UC is more often 

greater than that of CD, except in Canada and several areas of Europe,(64) although the 

values are continually changing.(65-67)  Several studies have suggested that the levels of 

IBD in Western countries have plateaued or are even on the decline.(68, 69)  Despite this, 

in the early 2000’s it was shown that IBD had emerged in countries in which they had not 

previously been observed such as South Korea, China, India, Iran, Lebanon, Thailand, the 

French West Indies, and North Africa.(70-72)  The association between epidemiological 



14 

 

data and industrialized and developing countries suggest a substantial role of 

environmental factors in the etiology of these diseases.   

 

The age of onset reported in the literature is most often between the ages of 20-30 

for CD and 30-40 years for UC, with some studies suggesting that a second peak 

occurrence occurs at 60-70 years old, but this observation is not definitively 

established.(73)  CD is observed in women 20-30% more often than men, especially in 

high-incidence areas, whereas UC, is observed 60% of the time in men.  The distribution 

of CD and UC among pediatric patients is opposite to that of adults where we saw a 

predominance of CD among boys and of UC among girls.(64, 66, 74, 75)  An analysis of 

patients listed in a pediatric IBD consortium showed no correlation between sex and age 

of onset, however CD comprised 60% of the IBD in older children (6-12 years) and 66% 

of adolescents (13-17 years), with a large increase in frequency beginning at age 10.(76)  

In addition, a Europe-wide study showed that a younger age at the onset of IBD is 

associated with a lower quality of life.(77)  Needless to say, IBD is a more modern 

disease with a dire need for new therapies to reduce their incidence and prevalence in the 

future. 

 

1.3.3 Treatment 

Due to incompletely understood pathophysiology, and inter-individual 

differences, treatment of these disorders remains a clinical challenge for physicians.  

Current treatment options include anti-inflammatory, immune modulating, and 

microbiome-modulating therapies including antibiotics, 5-aminosalicylates (5-ASA), 
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corticosteroids, thiopurines, methotrexate, calcineurin inhibitors, and anti- tumor necrosis 

factor (TNF) therapy.(64)  Although there have been many advances in modern medicine 

for the management of IBD, surgical options are still required for many patients, which 

are associated with significant morbidity, cost, and reduced quality of life. Approximately 

25-30% of UC patients undergo elective surgery for operative management of their 

disease, resulting in the cure of the disease.(78)  Surgery for CD, in contrast, is not 

curative and is performed in up to 80% of patients, predominately for complications such 

as strictures and fistulas.  Conservative resection is recommended in the majority of cases 

to preserve bowel length in case another surgery is required in the future.(79)  Therefore, 

investigation of new treatment modalities such as FMT should be continued to prevent 

the use of more extreme treatment measures to increase the quality of life and survival of 

patients diagnosed with these life-long inflammatory diseases.   

 

1.3.4 Economic Costs 

 IBD are lifelong diagnoses with increasing global incidence and prevalence that 

will only continue to be a greater burden on the individuals affected and society without 

the discovery of new therapeutic approaches and disease management.  The economic 

costs of IBD in Canada were estimated to be $2.8 billion in 2012 (nearly $12,000 per 

IBD patient), with direct costs exceeding $1.2 billion per annum which are driven by the 

cost of medication ($521 million), hospitalizations ($395 million) and physician visits 

($132 million).  Indirect costs (society and patient costs) are dominated by long-term 

work losses and are estimated at a total of $1.6 billion per annum.(80)  
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1.3.5 Genetics 

The concordance rate between monozygotic twins with IBD has been shown to be 

approximately 30% of CD patients and 10% of UC patients, signifying some genetic 

effect, but also a strong environmental effect in the etiology of IBD.(81)  Twin studies 

have shown that monozygotic twins have higher concordance rates than dizygotic twins 

for CD (20.0%-58.3% vs. 0%-6.5%) and UC (6.3%-18.8% vs. 0.0%-4.5%). However, the 

lack of concordance amongst dizygotic twins confirms that other important etiological 

factors are important in these chronic diseases.(82-85)  Epidemiological data previously 

published showed that first-degree relatives are 14-15 times more likely of developing 

IBD than the general population.(86)  Recent studies have shown that a child has a 26-

fold increased risk of developing CD when another sibling already has CD and the risk in 

increased 9-fold in the case of UC.(87)  Therefore, it is apparent that genetics does play a 

significant role in the etiology of the IBD, and it appears that CD is more genetically 

determined than UC. 

 

To date, genome-wide association studies (GWAS) have identified a total of 163 

IBD-associated loci in the human genome, 23 associated with UC, 30 with CD, and 110 

shared by both diseases.(88-90)  Although some loci are unique to each disease, the fact 

that there is a significant percentage of overlap supports earlier beliefs that these diseases 

share common genetic risk factors.  However, the GWAS evidence shows that the 

relationship between these genetic loci and the IBD can only explain approximately 14% 

and 7.5% disease variance in CD and UC, respectively.(91)  IBD is associated with other 
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autoimmune disorders such as ankylosing spondylitis, psoriasis, and primary sclerosing 

cholangitis, which share more than 50% of the identified IBD risk loci. 

 

One of the first genes associated with IBD, namely CD was the Nucleotide-

binding oligomerization domain-containing protein 2 (NOD2/Card15).  NOD2 is an 

intracellular receptor which sense microbial patterns such as muramyl peptides that are 

components of bacterial peptidoglycan.  Stimulation of NOD2 results in the activation of 

nuclear factor NF-κβ and a resultant inflammatory response.(92)   Paneth cells 

responding to microbial signals through NOD2 (93) receptors release α-defensins in order 

to control the composition of the microbiota in the intestine.(94)  Later, gene variants of 

NOD2/Card15 were shown to be associated with familial risk as well as complicated 

cases of CD.(95)  These results suggest a strong correlation between the genetic risk 

factors and their association to the intestinal microbiome and the ability of the host’s 

immune system to sense and regulate the commensal prokaryotes that colonize the gut.   

 

In a study comparing 1,855 UC individuals to 3,091 controls, the most significant 

genetic predictor for UC was variants of the interleukin-10 (IL-10) gene, which regulates 

the inflammatory process.(96)  IL-10 is a potent anti-inflammatory cytokine, and it was 

shown more than two decades ago that IL-10 deficient mice develop chronic 

enterocolitis, and are now commonly used as an animal model for studying IBD.(97)  IL-

10 is an important cytokine for host immune tolerance to innate commensal bacteria of 

the gastrointestinal tract.(98)  For most GWAS identified loci, it cannot be concluded if a 

single nucleotide polymorphism (SNP) is related to the disease on a biological level, or 
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whether it is just a marker for the disease.(99-103)  Using targeted sequencing methods, 

we can elucidate the association between illness and specific gene variants.  There is 

currently strong evidence of association to causal variation in IBD (i.e. missense, 

nonsense, or splice junction variants) in the NOD2, ATG16L1, IL23R, MST1, CARD9, 

IL18RAP and RNF186 and at least suggestive evidence for causal variation in the CUL2, 

C1orf106, PTPN22, MUC19, CEP72, LAMB1, CCR6, JAK2, and STAC2 genes. (99-101, 

103, 104)  In CD, some of the enriched pathways included genes associated with 

cytokines, host resistance to microbial infection, cell migration, and regulation of 

immune system, while in UC, the enriched pathways involved leukocyte migration, 

epithelial-to-mesenchymal transition (EMT) and metabolic and catabolic processes.(105)  

The identification of these pathways contribute to the working knowledge of the interplay 

between genetics and the microbiota in the etiology of IBD and offer potential new 

targets for therapeutics. 

 

1.3.6 Environmental Factors 

The high prevalence of IBD in western countries and its diagnosis in developing 

countries with no previous incidence of these diseases provides support for the hygiene 

hypothesis.(14)  The hygiene hypothesis states that the absence of exposure to infectious 

and symbiotic prokaryotes and other microorganisms in early childhood prevents the 

proper development and education of the immune system making individuals more 

susceptible to disease.  Other environmental factors that have been associated with IBD 

risks are smoking (106), formula feeding, (107) diet, in particular, animal protein and fast 

food, (5, 6) and many others.   Diet studies showed a correlation between the high intake 
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of total fats as well as red meat with increased incidence of IBD,(7) whereas a semi-

vegetarian diet in was associated with a high rate of maintenance of disease remission.(8)   

 

A population-based cohort study looked at the occurrence of IBD in immigrants 

to Canada, who had an incidence rate of 7.3/100,000 person-years, compared to 

23.9/100,000 in non-immigrants.  Increased age at immigration was associated with 

decreased risk of IBD, and a 14% increased risk per younger decade of life at 

immigration; additionally, children of immigrants born in Ontario assumed the same 

incidence risk as the children of nonimmigrants.(108)  A prospective case-control study 

that evaluated IBD environmental risk factors of Middle Eastern migrants in Australia 

compared to matched Caucasians IBD subjects and controls showed that different ethnic 

groups had a different incidence of IBD when exposed to similar environmental factors, 

(109) indicating that an environmental component is not sufficient to cause IBD.   

 

1.3.7 Microbiome and the Immune System 

In contrast to humans, the role of intestinal microbiota in the development of 

experimental colitis in animal models has been known for decades, contributing to the 

interest in the role it plays in human IBD.(110)  Patients with IBD have been shown to 

have reduced diversity of fecal microbiota (12), with much more evidence in CD than in 

UC.(9-11)  Inflammation alters the nutritional environment of the gastrointestinal tract 

that results in changes in the structure of the microbial community. (Reviewed in (111))  

Patterns of dysbiosis in IBD reported in the literature in the past were much more 

inconsistent. However, this is beginning to change with the increasing number of 
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metagenomic studies and the enhanced capabilities of next generation sequencing 

technology.  Using Q-PCR, Frank et al. showed a >300-fold and 50-fold reduction in 

Lachnospiraceae and Bacteroidetes respectively in an IBD cohort in comparison to a 

healthy control group.(112)  Also, enrichment of Actinobacteria and Proteobacteria in 

the dysbiotic IBD cohort contributed to them clustering separately from healthy controls 

using principal coordinate analysis (PCA).  A study comparing the microbiome of twin 

pairs, some members of the Firmicutes phylum, such as Faecalibacterium, were depleted 

in those with ICD in comparison to healthy controls.(113)  They also showed that these 

changes in the microbiome allowed for higher levels of some bacterial cell surface 

proteins, which may contribute to the exaggerated immune response observed in CD 

patients.  Faecalibacterium, Roseburia, Blautia, Bacteroides, Ruminococcus, 

Lachnospiraceae, and Coprococcus are the genera that have been shown in multiple 

studies to be a negatively associated to CD.(113-115)  The low abundance of some of 

these bacteria, in particular from the class Clostridia, namely Faecalibacterium 

prausnitzii and Roseburia hominis have also been associated with the dysbiosis 

characteristic of UC, and a corresponding decrease in short-chain fatty acids, potentially 

including butyrate which is produced by these bacteria.(116)  Correlation between the 

Mayo scores and an overrepresentation of Enterobacteriaceae and an underrepresentation 

of Lachnospiraceae was determined in a study of UC patients before their FMT.(117)  

Lachnospiraceae are a member of the phylum Firmicutes and a well-known important 

commensal bacterium of the human microbiota.  An in vitro study using human dendritic 

cells (hDC) showed that a particular strain of F. prausnitzii was able to induce high levels 

of the anti-inflammatory cytokine IL-10, resulting in a corresponding reduction of pro-
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inflammatory cytokines IL-12p70, IL-1β.(118)   It was found that the anti-inflammatory 

properties of F. prausnitzii are carried out by the MAM protein, decreasing activation of 

the NF-κB pathway, providing a pathological explanation for the bacteria’s importance in 

IBD.(119, 120)   Therefore, it is established that there are a number of bacterial genera 

positively and negatively associated with IBD, and evidence for their role in suppressing 

the immune system and altering metabolite production which may contribute to disease 

development.  However, there is also evidence suggesting that the dysbiosis observed is a 

consequence of IBD and not a causal factor.  In studies using the IL-10 -/- mouse that 

spontaneously develops colitis, Salmonella enterica lacking pathogenic factors is still 

able to colonize the gut, and deplete the microbiota of Clostridia and Bacteroidia.(121)  

Therefore, virulence factors are required for pathogenicity, but they are not required for 

colonization of an inflamed gut, and bacteria associated with dysbiosis may have 

acquired fitness factors to occupy the new niche created by inflammation.  Proponents of 

the Oxygen Hypothesis suggest that an influx of oxygen from blood entering the 

gastrointestinal tract creates a more aerobic environment promoting microbial 

dysbiosis.(122)  This could explain the increase in facultative anaerobes such as 

Enterobacteriaceae and the loss of extremely oxygen sensitive bacteria such as F. 

prausnitzii.  Nevertheless, the dysbiosis further exacerbates the abnormal immune 

response results in a constant positive feedback loop, which in turn creates a more 

abnormal microbiome, perpetuating inflammation.(123)   

  

 The immune system is characterized by two different types of responses, innate and 

adaptive.  Innate immunity is an immediate response by immune cells to various classes 
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of pathogens recognized by their surface molecules.  Adaptive immunity, mediated 

predominately by lymphocytes, is an immune response found only in vertebrates that 

involves specific recognition of molecules on individual invaders.  Upon initial infection 

by an intruder, the adaptive response is much slower, but it can remember, priming the 

organism for secondary infections.(124)  Inflammation, although helping to protect the 

host from exogenous threats, can also cause bystander tissue damage and dysfunction, a 

significant negative consequence of chronic inflammatory conditions like IBD.  It has 

been previously reported that there is increased leakage observed in inflamed intestines, 

reducing the efficacy of the intestinal barrier keeping microbes within the lumen.(125)  

Within the physical barrier, the innate immune system is required to distinguish between 

pathogenic and commensal bacteria to maintain the ecological state of the human 

intestinal tract.(126)  In the healthy individual, this system is extremely effective at 

detecting, preventing translocation across the epithelial barrier, and eradicating 

pathogenic or even commensal bacteria before they can cause any harm to the system, 

without unnecessarily attacking the commensal bacteria on which we rely for some 

essential functions. 

 

  The pathogenesis of IBD appears to be the result of a primary defect in innate 

immune response resulting from impaired epithelial barrier function and/or bacterial 

clearance at the epithelium.  The first line of defense of the mucosal immune system is a 

polarized single layer of epithelial cells covered by a mucus layer secreted by goblet 

cells.(127)  Epithelial tight junctions maintain the epithelial barrier while regulating the 

permeability of ions, nutrients, and water.(125)  A failure to maintain this intestinal 
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barrier can result in the increased translocation of bacteria from the lumen into the lamina 

propria, which can cause stimulation of the resident immune cells.(128)  Several pro-

inflammatory cytokines such as TNF-α, IFN-γ, IL-1β, IL-6, and IL-17 have been shown 

to disrupt tight junctions and increase intestinal permeability.(129-132)  Levels of TNF-α, 

IFN-γ, IL-1β, IL-6, and IL-17 have been shown to be increased in the mucosa of IBD 

patients, suggesting that these cytokines are involved in the increased gut permeability 

observed in IBD patients.(133-137)  

 

  The possibility of an infectious origin in IBD has been postulated since IBD was 

first described.(138)  Specific strains of Escherichia Coli (E. coli) have been associated 

with the pathogenesis of Crohns disease, in particular, and may be able to sustain the 

inflammation characteristic of these diseases.  To classify more precisely E. coli 

associated with IBD, a new pathogenic group was formed, the adherent-invasive E. coli 

(AIEC), (139)  stemming from an earlier study in 1998 which was the first to suggest the 

adherent properties of these E. coli from ileal lesions of CD patients.(140)  E. coli is 

correlated with both UC and CD, suggested by the findings of some different 

studies.(140-148)  A subset of these studies shows a similar detection rate in both major 

forms of IBD, with more E. coli, detected in patients with active IBD versus 

inactive.(143, 144, 146, 147)  Lopez-Siles et al. performed a retrospective analysis 

showing a negative correlation between the number of months to the CD patient’s next 

flare-up and the numbers of E. coli detected using 16rRNA sequencing.(143)  AIEC have 

also been shown to colonize and exacerbate gut inflammation in mice with DSS-induced 

gut inflammation.(149)  Despite this, there is also evidence that Enterobacteriaceae 
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benefit from the environment of an inflamed gut, and therefore, the increased prevalence 

of E. coli is more likely to be the result inflammatory state rather than being a causal 

factor of it.(111) 

 

Of the total 163 IBD-associated loci identified in GWAS studies,(99-101, 103, 

104) a number of them are polymorphisms in autophagy genes such as ATF16L1 

(autophagy-related 16-like 1) (102, 150) and IRGM (immunity-related GTPase family 

M).(151-153)  Impairment of the autophagy process in THP-1 macrophages associated 

with these CD polymorphisms (NOD2 and ATG16L1) significantly increased the 

percentage of intra-macrophage AIEC strain LF82, resulting in a more prominent pro-

inflammatory response mediated by TNF-α.(154)  These IBD loci can lead to an altered 

interaction between the host immune system and innate commensal bacteria, with a 

resultant enhancement of a chronic inflammatory response.  The associated of these 

genes to IBD strengthen the association between enteric bacteria and gastrointestinal 

inflammation. 

 

1.3.8 Fecal Microbial Transplants in IBD 

 Current success in treating RCDI with FMTs has garnered a lot of attention for its 

possible use in the treatment of other diseases associated with microbiota dysbiosis, such 

as IBD.  There are currently 19 registered clinical trials on clinicaltrials.gov designed to 

study the safety and efficacy of FMT for the treatment of IBD.  FMT has been shown to 

significantly improve patients Quality of Life based on changes in their Inflammatory 

Bowel Disease Questionnaire (IBDQ score) responses before and after FMT, with 
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stronger evidence for UC than CD.(155, 156)  However, the mechanism by which an 

FMT acts therapeutically in patients with IBD, and also why the observed beneficial 

effects are not maintained is not yet understood.   

 

 In the published randomized controlled trials (RCTs), case and cohort studies on 

IBD, both fresh and frozen-thawed FMT slurries are used and the delivery method 

amongst the studies varied from enema administration to nasogastric or nasojejunal, and 

gastroscopic instillation. (117, 157-159)   The case series published by Borody and 

colleagues demonstrates the long-term efficacy and safety of FMT for UC, where at 

follow-up appointments 1-13 years following FMT patients had no evidence of active 

colitis.(159)  A meta-analysis of 9 cohort studies, 8 case studies and 1 randomized 

controlled trial showed that the pooled proportion of patients who achieved clinical 

remission of their IBD was 45.4%.(160)  However, there was a lot of variability in how 

donors were selected, disease severity at the start of the study, pre and post-FMT 

treatment regimens and primary end-points, making the comparison of these studies 

somewhat difficult, demonstrating the need for more RCTs.  To date, only three RCTs 

have been completed, two in UC patients showing 24% and 30% induced remission rates 

and one in CD patients with a 77% remission rate.(156, 161, 162)  Given that remission 

rates are quite variable in the published literature, more consistency is needed with 

respect to methodology such that the efficacy of the therapy can be properly determined.  

The clinical remission rates observed through meta-analysis (160) suggest that like other 

therapies for IBD, FMT will only be efficacious in a subset of IBD individuals.  The 

complex interplay of many factors including the interaction between the donor 
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microbiome, the gastrointestinal environment, the immune system, the other microbes, 

and host genetics, including genes for miRNA, tight junctions, NOD2 receptors and a 

vast number of other molecules, making it extremely difficult to determine if FMT will 

be a valuable IBD therapeutic.  The methods of FMT processing and delivery have been 

well researched for C. difficile infection, comparing frozen versus fresh transplantations, 

and delivery via colonoscopy, nasogastric tube, enema, and more recently frozen 

encapsulation, but whether preparation or type of delivery of the FMT is important in the 

treatment of IBD remains to be determined.(163)  

 

 One of the complexities is the variability of the biotherapy, in that different 

selection criterion, and inter-individual microbiota differences can result in drastically 

different FMT slurry, which can alter the efficacy of the therapy.  In one study, the FMT 

donors underwent a mild colonic lavage using polyethylene glycol 3350 (PEG 3350) 

before donation, and none of the recipients (n=6) responded to the therapy.(157)  This 

may be explained by the fact that short-term changes resulting from colonoscopy bowel 

preparation have been previously observed (164), or the bowel preparation may have a 

yet to be determined effect on the FMT altering its therapeutic ability.  Vermeire et al. 

were able to identify that donor microbiota richness was a predictor of successful FMT in 

their small pilot study, while another study showed that a successful donor had 

enrichment for the family Lachnospiraceae, and specifically the genera Ruminococcus, 

which have previously been negatively associated with IBD.(161, 165)   

 

 The identification of dysbiosis in IBD patients (9-14) has led to many different 
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hypotheses as to the pathophysiology of IBD and with this a possible mechanism by 

which FMT might be successful in that it can re-establish a healthy microbiome in the 

recipient.  Interestingly, in one study, both CD and UC responders to FMT had higher 

baseline richness than those patients that did not respond to FMT, although the richness 

of the donors was also greater in the slurries given to the responders.(165)  In a pediatric 

population, using the pediatric Crohn’s disease activity index (PCDAI) scoring for 

pediatric CD patients, 7/9 (77.8%) of patients were in clinical remission at two 

weeks,(166) however, this same research group was unable to achieve remission (0/4) in 

any of their pediatric UC patients in a separate study.(167)  Moayyedi et al. had 3/4 

(75%) patients with UC for less than 1-year enter remission, while only 6/34 (18%) with 

UC for greater than one year entered remission (p = 0.04, Fischer’s exact test).(161)  

Gevers et al. showed that increased microbial dysbiosis was an indicator of CD disease 

severity,(114) and, therefore, it may be possible that patients with early stage disease are 

more likely to achieve clinical remission following FMT due to the fact that patients with 

higher richness pre-FMT were more likely to achieve clinical remission.  The extent of 

dysbiosis may also alter the efficacy of engraftment of the donor microbiota into the 

recipient based on concepts of ecology, where if the perturbed microbiota is well 

established, healthy commensals are unable to colonize niches that are currently 

occupied.  Angelberger et al. demonstrated in their UC cohort, the sole FMT responder, 

acquired, and subsequently maintained the similarity to the donor for at least 12 weeks 

whereas all other patients only transiently increase in similarity to the donor, (117) 

however, similarity to the donors does not appear to be a consistent trend amongst 

studies.   



28 

 

 

 Specific changes in taxonomic composition have also been noted following FMT in 

an attempt to explain differences between responders and non-responders.  One study 

found that a significant reduction in Proteobacteria specifically Enterobacteriaceae and 

Enterocaccaceae and an increase in Bacteroidetes following FMT.(157)  In a patient that 

failed FMT, Suskind et al. observed that the relative abundance of Escherichia Coli 

increased following FMT and experienced clinical deterioration over the course of the 

follow-up.(166)  Vermeire et al. found that patients who responded to the FMT had 

significantly more bacterial genera (97% similarity OTUs) transferred to their gut.(165)  

In the two UC patients who had a favorable, long-term response to the FMT, they had 4/5 

shared genera, Roseburia, Oscillobacter, unclassified Lachnospiraceae and unclassified 

Ruminococcacae following FMT.  However, the difference in engraftment efficiency 

between responders (median 74%, range 50-76%) and non-responders (median 63%, 

range 14-83%) was not statistically significant.  The study by Angelberger and colleagues 

also identified patient colonization by Fecalibacterium prausnitzii, Roseburia faecis and 

Bacteroides ovatus from the donors in UC patients who responded to FMT, reaffirming 

species-specific trends observed in other studies.(117)  The single patient who responded 

to treatment also maintained four stable, abundant donor phylotypes over the 12-week 

follow-up.  The donor’s microbiome in the RCT for UC performed by Moayyedi and 

colleagues that were significantly enriched with the family Lachnospiraceae resulted in 

the highest rates of remission in the recipients, with responders becoming more similar to 

the donor at week six than the non-responders (p = 0.07).(156, 161)  In nearly all the 

studies and case series published, clinical response and/or remission correlated well with 
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increased diversity following FMT.(117, 156, 161, 165-168)  Cui and colleagues used a 

step-up strategy to reverse some of the dysbiosis in UC patients, noting an increase in 

diversity, and a decrease in Proteobacteria, although they did not sequence patients who 

failed to respond to the FMT(s).(168) However, the significance of these changes is 

brought to question due to the results of the Rossen at al. study, where no significant 

difference in remission rates was found between cohorts of UC patients who received an 

FMT from a healthy donor versus and FMT made from their stool.(156)  These results 

suggest that the mechanism of FMT depends on its ability to alter the balance of anti-

inflammatory commensals versus potentially pro-inflammatory pathobionts in the gut of 

IBD patients.       

 

 Pre-FMT treatment regimens, where reported, included different antibiotics and 

variable course lengths, proton pump inhibitors (PPIs), bowel preparation, or none of the 

above (Table 1-2).  A literature review of all published reports of FMT for IBD on 

PubMed (PubMed.gov; Table 1-2) showed a difference in efficacy for FMT in UC with a 

clinical remission rate of 40% with an antibiotic pre-treatment versus 24% clinical 

remission rate without an antibiotic pre-treatment, and this difference is approaching 

statistical significance using Fischer’s exact test (Table 1-1; p-value 0.104).  For patients 

with CD who received an FMT, 64% of those who did not receive pre-FMT antibiotics 

versus 58% of patients who receive pre-FMT antibiotics achieved clinical remission 

(Table 1-1; p-value 0.748).  When the two forms of IBD were combined, 45% of patients 

receiving a pre-FMT antibiotic regimen achieved remission, while only 35% of those 

who did not achieve remission (Table 1-1; p-value 0.280).  By altering the pre-FMT 
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treatment regimen through the inclusion of antibiotics, it may be able possible to increase 

the efficacy for IBD, where currently published studies show a trend for increasing 

effectiveness with antibiotics pre-FMT (Table 1-1).  Support for this hypothesis comes 

from ecological theory, as described earlier in the chapter, where antibiotics perturb the 

gut microbiota, making available previously occupied niches, and allowing for the 

colonization of commensal bacteria that provide a physiological benefit to the host.   

 

 Although the focus is predominately on ecological explanations for the mechanism 

of FMT and IBD, the immune system must play an integral role in this process.  An 

increase in C-reactive protein (CRP), (a plasma protein which rises in response to 

inflammation), within the first two weeks of FMT was observed in both non-responding 

CD and UC patients. They suggest that this rise could be used as an indication for starting 

patients on rescue therapy due to FMT failure, however, this has yet to be identified in 

any other study.(165)  In an RCT for FMT in UC, 5/11 (46%) of those taking, versus 4/27 

(15%) of those not receiving immunosuppressive therapy achieved clinical remission (p = 

0.09, Fischer’s exact test).(161)  In addition, anti-TNF therapy has been shown to restore 

the epithelial barrier in CD patients(169) and alter antimicrobial composition in UC 

patients.(170)  This suggests that concurrent treatment with immunosuppression may be 

able to enhance the efficacy of FMT.  It is interesting that patients can experience a fever 

following FMT (Table 1-2), and although bacterial lipopolysaccharide (LPS) is a 

pyrogen, FMT should not cause a systemic immune response when introduced into an 

environment designed to handle this.  Therefore, the focus of future studies should be on 

how FMT activated and alters the recipient’s immune system. 
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Table 1-1: Data summary and statistics for FMT in IBD with and without antibiotic pre-

treatment 

 

N 
Clinical 

Remission 
CR Rate 

Fischer’s 

Exact Test 

(p-value) 

Odds 

Ratio 
95% CI 

UC – no abx 110 26 0.24   
 

UC - abx 30 12 0.40 0.104 0.4643 
0.198-

1.089 

CD – no abx 44 28 0.64   
 

CD - abx 12 7 0.58 0.748 1.250 
0.340-

4.594 

IBD – no abx 154 54 0.35   
 

IBD abx 42 19 0.45 0.280 0.654 
0.327-

1.306 

Abx: antibiotic pre-FMT treatment; CR: clinical remission; CI: confidence interval; UC: 

ulcerative colitis; CD: Crohn’s disease; IBD: inflammatory bowel disease. 
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Author 

(reference) 

# of UC or 

CD Patients 

Study Type Donor  Pre-FMT treatment Delivery Mode 

(number of 

infusions) 

Definition of remission 

(primary outcome) 

Adverse Events Efficacy 

(Clinical 

Remission) 

Angelberger et 

al. (2013)(117) 

5 patients 

with UC  

Prospective, 

open-label 
study 

Patient 

suggested; 
excluded first-

degree relatives 

and health-care 
workers 

Metronidazole 500mg 

twice a day for 5-10 
until the evening before 

FMT. 

Bowel lavage using a 
standard PEG given via 

NJ tube. 

Pantoprazole 20 mg 
before FMT and t.i.d. 

during FMT procedure. 

Nasojejunal tube 

60g fresh stool in 
250 mL of sterile 

saline. 

FMT on 3 
consecutive days via 

NJ tube and enema. 

Loperamide given 
PFT and 6 hrs PFT. 

Remission defined as a 

tot score < 2 
Response as a decrease 

from baseline in the 

total Mayo < 3 and at 
least 30% with an 

accompanying decrease 

in the subscore for 
rectal bleeding > 1 or 

subscore of 0-1. 

All patients experienced fever, 

temporary increase in CRP and 
worsening diarrhea the night after the 

first day of FMT. 

Also sore throat due to NJ (N=5), 
flatulence (N=2), pancreatitis of 

unknown origin (n=1), itchiness (n=1), 

erythema (n=1), paresthesia of the hip 
(n=1), collapse due to orthostatic 

disorder (n=1), and blisters on the 

tongue (n=1). 

0/5 (0%)  

Wei et al. 
(2015)(155) 

11 patients 
with UC 

 

3 patients 
with CD 

Uncontrolled, 
single-center 

pilot study 

Healthy 
unrelated donor. 

Vancomycin (500 mg) 
orally b.i.d. for 3 days 

until 12 hours BFT. 

Bowel lavage using a 
standard PEG solution. 

60g stool in 350 mL 
sterile saline. 

Colonoscopy or 

naso-jejunal tube 
(300 mL). 

Clinical remission 
CDAI score <150 and 

CRP <10 mg/L in CD. 

For UC, clinical 
response defined as 

Mayo decrease >1 and 

CR as Mayo <2. 

One patient showed intolerance with 
FMT and immediately leaked donor 

material. 

Two patients reported a moderate 
degree of fever. 

No serious adverse events were noted. 

6/11 (54.5%) 
UC 

 

0/3 (0%) CD  

Rossen et al. 

(2015)(156) 

50 patients 

with UC 

randomized 

to healthy or 

self FMT 

Single-center, 

double-blind, 

placebo-

controlled, 

randomized, 

proof-of-
concept phase 

2 trial 

Healthy partners, 

relatives or 

volunteers. 

Bowel lavage (2L 

macrogol solution 

[Moviprep] and 2 L 

clear fluids the evening 

before. 

Minimum 60g stool 

in 500 mL normal 

saline. 500 mL via 

nasoduodenal tube 

twice three weeks 

apart. 

Clinical remission 

(simple clinical colitic 

activity index scores < 2 

combined with > 1-

point decrease in the 

Mayo score at 12 
weeks. 

The majority of patients experienced 

mild adverse events during or shortly 

after treatment.   

Serious adverse events occurred in 2 

patients in the FMT arm. 

1 patient had severe small bowel 
Crohn’s disease, and 1 patient became 

severely ill from a primo 

cytomegalovirus infection. 

6/23 (26.1%)  

 

Kump et al. 

(2013)(157) 

6 patients 

with chronic 

active UC 

Prospective, 

open-label, 

uncontrolled, 
single-center 

pilot study 

4 non-related 

healthy donors 

Donors 
underwent a 

mild colonic 

lavage using 
(PEG 3350) 

Bowel lavage using a 

standard PEG solution 

(Moviprep). 

100 to 150 g of stool 

diluted in normal 

saline (200-350 mL) 
300-500 mL 

delivered via 

colonoscopy. 

Reduction of the total 

Mayo score by > 3 

points was considered a 
clinical response, Mayo 

score < 2 was 

considered remission. 

1 patient on anti-TNF treatment had 

increased stool frequency and 

developed a fever up to 39°C 1 day 
PFT. 

No other adverse events occurred PFT 

or during follow-up. 

0/6 (0%)  

 

Borody et al. 

(2003)(159) 

6 patients 

with UC (for 

>5 years) 

Case-series Patient selected 

donors  

Vancomycin 500 mg 

b.i.d., metronidazole 400 

mg b.i.d. and rifampicin 
150 mg b.i.d. for 7-10 d. 

Bowel lavage using a 

standard PEG-based oral 
solution. 

High fiber diet 

recommended. 

200-300g donor 

stool diluted in 200- 

300 mL normal 
saline. 

Daily enema for 5 

days. 

Clinical, colonoscopic 

and histological 

assessment. 

No adverse events reported. 6/6 (100%)  

Table 1-2: Summarized studies for FMT in the treatment of IBD. 
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Moyyedi et al. 

(2015)(161) 

38 patients 

with 
UC  in FMT 

arm; 38 

patients with 
UC in 

placebo arm 

Double-blind 

randomized 
controlled 

trial 

Anonymous 

donors  

No pre-FMT treatment 

regimen reported. 

50g stool in 300 mL 

of commercial 
drinking water. 

Retention enema 50 

mL once per week 
for 6 weeks. 

Mayo scores <3 and 

complete healing of the 
mucosa at flexible 

sigmoidoscopy 

(endoscopic Mayo score 
= 0). 

3 patients in the treatment group with 

serious adverse events. 
Two patients had their diagnosis 

changed to Crohn’s colitis and one was 

C. diff toxin positive PFT. 

9/38 (24%)  

 

Cui et al. 

(2015)(162) 

30 patients 

with CD 

Clinical Trial Family, friend or 

physician 
recommended 

donor 

Donors were 
given Forlax 

(macrogol 4000)  

Mesalazine 3.0 g daily 

started 1 week before 
FMT and continued for 

3 months PFT.  Reduced 

to 1.5-2.5 g daily. 

1 bowel movement 

in 500-1000mL 
0.9% saline, diluted 

1.5 fold with 0.9% 

saline on the day of 
the procedure 

150-200 mL given 

via gastroscopy to 
the patients mid-gut. 

Clinical improvement 

defined as a decrease of 
HBI > 3 

Clinical remission was 

defined as HBI < 4. 

No serious adverse events 

2 patient were observed with fever 
within 1-6 hours PFT. 

7 patients had increased diarrhea within 

1-6 hours PFT. 
26 patients had abdominal or related 

back pain. 

23/30 (76.7%)  

 

Vermeire et al. 

(2015)(165) 

8 patients 

with UC 
 

6 patients 

with CD 

Pilot study Family member 

or friend 

Bowel lavage using a 

standard  PEG solution. 

Ileo-colonoscopy 

through NJ (N=9) or 
rectal (N=5) tube 

200g stool in 400mL 

sterile saline in two 
infusions on 

consecutive days. 

The primary endpoint 

was endoscopic healing 
defined as a Mayo 

endoscopic subscore of 

0 or 1 for UC and SES-
CD <3 for CD. 

5 SAEs in a total of 4 patients. 

4 patients developed a high fever. 
2 patients had a sharp increase in CRP. 

0/6 (0%) CD 

 
3/8 (37.5%) 

UC 

Suskind et al. 

(2015)(166) 

9 patients 

with CD  

Prospective, 

open-label 

study 

Mother or father  Rifaximin 200mg t.i.d. 

for 3 days. 

Omeprazole (1mg/kg 

orally) on the day before 
and morning of the 

procedure. 

30g of donor stool 

mixed into 100 to 

200 mL of normal 

saline and filtered, 
delivered by NG 

tube. 

PCDAI score <10 

denotes remission 

10-29 mild disease, 

> 30 moderate to severe 
disease. 

 

All adverse events were graded as mild 

except for 1 patient with moderate 

abdominal pain PFT. 

2 patients received standard therapy 
after 12 weeks due to a flare. 

7/9 (78%)  

Suskind et al. 

(2015) (167) 

4 pediatric 

UC patients 

Single-center, 

exploratory 
open-label 

study 

Not reported Rifaximin 200mg t.i.d. 

for 3 days. 
Omeprazole (1mg/kg 

orally) on the day before 

and morning of the 
procedure. 

17g MiraLAX in 8oz 

water t.i.d. for 2 days 
BFT. 

30g of donor stool 

mixed into 100 to 
200 mL of normal 

saline and filtered, 

delivered by NG 
tube. 

PUCAI score <10 

denotes remission, 
10-35 mild disease, 

35-64 moderate activity, 

>65 severe disease. 
 

All adverse events were graded as mild 

and self-resolving, such as nasal 
stiffness, bloating, increased flatulence 

and vomiting in 2 patients PFT. 

2 patients were diagnosed with C. 
difficile infection 3 and 4 months PFT. 

0/4 (0%) 

Cui et al. 

(2015)(168) 

14 patients 

with 
UC  

 

Prospective 

observational 
study as a part 

of a clinical 

trial 

10-17 years old 

friends or 
relatives 

 

Specific diet 

Mesalamine 3.0 g oral 
daily BFT and PFT. 

Metoclopramide 10 mg 

and esomeprazole 40 mg 
IV one-hour BFT. 

1 BM in 500-

1000mL 0.9% 
saline, diluted 1.5 

fold with 0.9% 

saline. 
150-200 mL given 

via gastroscopy. 

 

CR defined as the 

absence of diarrhea and 
blood (Montreal 

Classification scale 

S0). 

No serious adverse events. 

2 patients were observed with fever 
(<39°C) and two had transient diarrhea. 

1 patient had mild testicular pain after 

each of two FMTs, which resolved 
within 12 hours. 

4/14 (28.6%)  
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BFT: before FMT; PFT: post-FMT; CR: clinical remission; DSI: donor similarity index; t.i.d.: three times daily; b.i.d.: two times 

daily; BM: bowel movement; PEG: polyethylene glycol. 

 

 

 
 

Agilli et al. 

(2015)(171)  

4 pediatric 

patients with 
UC  

Single-center, 

exploratory 
open-label 

study 

Not reported; 

underwent 
appropriate 

laboratory tests 

rifaximin 200 mg t.i.d. 

for 3 days. 
Omeprazole (1mg/kg 

orally) day before and 

the morning of 
MiraLAX (17g in 8 oz 

water) t.i.d.  2 days BFT. 

30g of donor stool 

with 100 mL of 
normal saline and 

then 30 mL via NG 

tube. 

PUCAI score <10 

denotes remission, 
10-35 mild disease, 

35-64 moderate activity, 

>65 severe disease. 

No adverse events. 0/4 (0%) 

Damman et al. 

(2015)(172) 

7 patients 

with UC 

Prospective, 

open-label, 
uncontrolled, 

single-center 

pilot study 

Patient selected 

donors 

Bowel lavage using a 

standard PEG solution. 
 

Single colonoscopic 

FMT. 
2-3 mL of 0.9% 

normal saline per 

gram of stool. 
175-290 cc of FMT.  

Primary endpoint was 

DSI of greater than 50% 
UCDAI score decrease 

of 3 or more and 

remissions as a total 
UCDAI score of 2 or 

less with no individual 

sub-score greater than 1 
at 4 weeks PFT. 

Mild increase in abdominal cramping 

and stool output immediately PFT. 
1 patient with persistent abdominal 

pain. 

1/7 (14.3%)  

 

Kunde et al. 

(2013)(173) 

10 pediatric 

patients with 
UC 

Prospective, 

open-label, 
uncontrolled, 

single-center 

pilot study 

Family members 

or close friends 

No pre-FMT treatment. ~90g stool in 250 

mL normal saline. 
Fecal enemas daily 

for 5 days (average 

165 mL). 
 

Clinical response 

defined as a decrease in 
PUCAI >15, and 

decrease to <10 was 

considered clinical 
remission. 

No serious adverse events. 

Mild (cramping, fullness, flatulence, 
bloating, diarrhea, and blood in stool). 

3/9 (33%)  

 

Vaughn et al. 

(2014)(174) 

10 patients 

with CD 

Prospective, 

open-label 

trial 

Anonymous 

donors 

No pre-FMT antibiotics. 

Bowel prep or lavage 

not specified. 

Single colonoscopic 

FMT. 

50g of stool in 

250mL water. 

Clinical response 

defined as having a 

Harvey Bradshaw Index 

(HBI) <5 

No serious adverse events. 

 

5/8 (62.5%) 

Landy et al. 

(2013)(175) 

8 patients 

with chronic 
refractory 

pouchitis 

(UC) 

Prospective, 

open-label 
study 

Patient 

nominated 
donors 

None reported. 30g stool in 50mL of 

sterile saline. 
Administered via 

nasogastric tube. 

Not reported. Not reported. 0/5 (0%) 
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Running Head:  FMT reduces antibiotic-resistance genes 

 

Key words:  intestinal microbiome; antibiotics; colitis, antibiotic resistance, C. difficile 

 

MAIN POINTS OF ARTICLES          

Patients with recurrent C. difficile infection harbor large numbers of microbes with antibiotic 

resistance genes.  Fecal microbial transplantation eradicates pathogenic organisms and eliminates 

antibiotic-resistance genes suggesting this may be a viable treatment option to eradicate multi-

drug resistant bacteria from patients.   
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Abstract 

 

Background: Recurrent Clostridium difficile infection (RCDI) is associated with repeated 

antibiotic treatment and the enhanced growth of antibiotic-resistant microbes. This study tested 

the hypothesis that patients with RCDI would harbor large numbers of antibiotic-resistant 

microbes and that fecal microbial transplantation (FMT) would reduce the number of antibiotic-

resistant genes.   

Methods: In a single center study, patients with RCDI (n=20) received FMT from universal 

donors via colonoscopy. Stool samples were collected from donors (n=3) and patients prior to 

and following FMT. DNA was extracted and shotgun metagenomics performed.  Results as well 

as assembled libraries from a healthy cohort (n=87) obtained from the Human Microbiome 

Project (HMP) were aligned against the NCBI bacterial taxonomy database and the 

Comprehensive Antibiotic Resistance Database (CARD).  Results were corroborated through a 

DNA microarray containing 354 antibiotic resistance (ABR) genes.  

Results:  RCDI patients had a greater number and diversity of ABR genes compared with donors 

and healthy controls.  Beta-lactam, multidrug efflux pumps, fluoroquinolone, and antibiotic 

inactivation ABR genes were increased in RCDI patients while donors primarily had tetracycline 

resistance. RCDI patients were dominated by Proteobacteria with Escherichia coli and Klebsiella 

most prevalent.  FMT resulted in a resolution of symptoms which correlated directly with a 

decreased number and diversity of ABR genes and increased Bacteroidetes and Firmicutes with 

reduced Proteobacteria.  ABR gene profiles were maintained in recipients for up to a year 

following FMT.    
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Conclusion:  RCDI patients have increased numbers of antibiotic-resistant organisms.  FMT is 

effective in the eradication of pathogenic antibiotic-resistant organisms and elimination of 

antibiotic-resistance genes.   
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2.1 Introduction 

 

The microbiota of the human gut is a complex ecosystem with the potential to be an 

enormous reservoir of antibiotic resistance (ABR) genes, known as the ‘gut resistome’ (1).  

Antibiotic resistance has become a major global clinical problem with the emergence of multi-

drug resistant organisms such as vancomycin-resistant Enterococci (VRE), methicillin resistant 

Staphylococcus aureus (MRSA) and extended spectrum beta lactamase (ESBL) (2). Antibiotic 

resistance may arise in a number of different ways, including the accumulation of point 

mutations and horizontal gene transfer from other bacterial populations through transformation, 

transduction and/or conjugation (1, 3 , 4).  The increased use of antibiotics in agriculture and 

healthcare has led to a dramatic increase in the prevalence and incidence of antibiotic resistant 

bacteria, presenting a severe challenge in the treatment of patients infected with these multidrug 

resistant organisms.  

 

A major complication associated with antibiotic use is Clostridium difficile (C. difficile) 

infection (5). C. difficile is an anaerobic, spore-forming, toxin producing bacteria that is present 

in 3% of the healthy adult population; however, up to 20-50% of adults in hospitals and long 

term care facilities become colonized (6).  C. difficile infection is treated with metronidazole or 

vancomycin but the risk of the recurrence is 20-30% within 30 days of initial treatment, and 

increases further up to 50% after a second episode (7, 8).  Fecal microbiota transplantation 

(FMT) has emerged as an effective and safe therapy for recurrent C. difficile infection (RCDI), 

with over an 80% success rate (9).  This study was designed to analyze the gut resistome in 

patients with RCDI undergoing FMT and to examine how FMT influences the antibiotic 
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resistance profile of the recipients.  We hypothesized that patients with RCDI would harbor large 

numbers of antibiotic-resistant microbes and that fecal microbial transplantation (FMT) would 

reduce the number of antibiotic-resistant genes.   

 

2.2 Materials and Methods 

 

2.2.1 Patient Cohorts 

This study was conducted at University of Alberta Hospital in Edmonton, Alberta 

between October of 2012 and November of 2014.  Patients aged 35 to 85 with RCDI, defined as 

at least 3 episodes of CDI within 6 months were included.  Active CDI was defined as diarrhea 

(>3 loose stools per day) with positive stool C difficile toxin test.  All participants provided 

written informed consent for FMT and to provide samples for analysis. This study was approved 

by the University of Alberta Health Research Ethics Board.  Data from 87 healthy individuals 

between the ages of 18 and 40 was obtained from the Human Microbiome Project Consortium 

(2012).  Extensive medical history was not available for these healthy subjects; however 

individuals were excluded from participating if they had been exposed to any form of antibiotics, 

antifungals, antivirals, or antiparasitics within the previous 6 months.  

 

2.2.2 Donor Selection 

Stool for FMT was obtained from one of three universal stool donors registered with the 

Edmonton FMT program. Each donation was matched to a single recipient and donations were 

stored at -80ºC in a concentrated glycerol stock.  All donors were screened by undergoing a full 
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history and physical exam, specifically screening for GI symptoms and risk factors for viral 

hepatitis or HIV.  Donors were excluded if they had taken any antibiotics in the past 6 months. 

Donors were tested for HIV, hepatitis A, B and C, syphilis, stool bacterial and feces culture, ova 

and parasite exam (C & S, O & P), C difficile toxin, and VRE and rescreened every 4 months.   

 

2.2.3 Fecal Microbial Transplantation (FMT) 

Patients discontinued antibiotics for CDI 24 hours prior to FMT.  FMT was performed 

using a preparation of fresh or frozen fecal slurry via colonoscopy.  One day prior, patients took 

4L of polyethylene glycol-based bowel preparation (GoLYTELY®).  Fecal samples were 

collected by the patients at home prior to and following FMT.  After collection, sample aliquots 

were placed into the -80°C freezer until DNA extraction.  

 

2.2.4 DNA Extraction and Metagenomic Analysis 

Stool samples were physical disrupted using a bead-beating kit and microbial DNA 

extracted using the Qiagen QIAamp DNA stool kit. Indexed paired-end DNA libraries were 

constructed using an Illumina Nextera® XT DNA Sample Preparation Kit and sequenced on a 

MiSeq. Sequencing parameters consisted of paired-end 300bp dual index sequencing chemistry 

using a MiSeq Reagent Kit-V3 (500 cycles) and the FASTQ Only workflow.  There were 

17,326,984 total reads from 29 donor and 73 patient samples.  Any reads with a length less than 

150 base pairs were removed so that the average Phred quality score was greater than thirty (>30; 

0.1% error rate).  Duplicate reads were collapsed using FASTX-Toolkit (version 0.0.13; 

http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads from individual samples were mapped 

to >5 kb assembled contigs using Bowtie2 against a custom database of bacterial genomes 

http://hannonlab.cshl.edu/fastx_toolkit/index.html)
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retrieved from NCBI RefSeq database(10).  Outputs were visualized in MEGAN (version 5) for 

taxonomic assignment and reads aligned using Bowtie2 against the Comprehensive Antibiotic 

Resistance Database (CARD; http://arpcard.mcmaster.ca).  CARD contains 6020 different 

sequences from 4120 genes related to antibiotic resistance, 3008 of which are tagged specifically 

for antibiotic resistance, consisting of 31 different antibiotic classes (11).  Following alignment 

to CARD, the total read count was 5,414 reads, with 228 different ABR genes detected as having 

at least a single read in one sample.  In the HMP cohort there were 671 total reads, with 143 

different ABR genes detected in at least one sample.  Genes with different accession numbers but 

with ≥98% sequence similarity were grouped together and not considered distinct genes for the 

analysis. Positive detection of an antibiotic resistance gene was considered if there was >0 read 

counts in just one of the samples for initial analysis.     

 

2.2.5 DNA Microarray Analysis   

DNA was extracted and analyzed on a custom oligonucleotide-based DNA microarray 

containing 370 probes targeting 354 ABR genes (Lallemand Health Solutions, Montreal, 

Canada). These were classified into antibiotic resistant gene types, including aminoglycosides 

(53), beta-lactams (49), tetracycline (44), amphenicols (24), erythromycin (21), vancomycin 

(20), multidrug resistance (19), trimethoprim (13), macrolides (13), lincosamides (10), integrons 

(7), and sulfonamides (5).  200ng of DNA was labelled using Cy-5 with the Bioprime® DNA 

Labeling System (Life Technologies) and purified using the QIAquick PCR purification kit.  

Slides were washed in 0.2% SDS then incubated in pre-hybridization solution (5X SSC, 0.1% 

SDS and 0.1 mg/mL BSA).  Labeled DNA was added to hybridization buffer (20 µL DIG Easy 

Hybridization Buffer, 1 µL 10 mg/mL Yeast tRNA and 1 µL 10 mg/mL Salmon Sperm DNA) 

http://arpcard.mcmaster.ca/


57 

 

and samples hybridized for 18 hours followed by 3X washing in 1X SSC/0.1% SDS at 42
o
C  and 

drying.  Slides were scanned and quantified using Quantarray®.   

 

2.2.6 Statistical analysis 

The Shapiro-Wilk test was used to determine if data was normally distributed. If 

normally distributed, a Student’s t-test was used, and if not the non-parametric Mann-Whitney U 

test was performed. A p-value <0.05 was considered statistically significant.  Principal 

coordinates analysis (PCoA) on the taxonomic data was performed using MEtaGenome 

ANalyzer (Megan, version 5) using Bray-Curtis dissimilarity which quantifies the compositional 

dissimilarity between different samples.  Cluster analysis was performed on the microarray data 

using Bionumerics®, where the similarity coefficient was determined by the ratio of the absolute 

value of the Pearson correlation coefficient.  These values were then converted into a percentage 

value to be graphed.   

 

2.3 Results 

 

2.3.1 Patient Cohorts 

Twenty patients underwent FMT for RCDI between September 2012 and December 

2014.  All 20 patients were cured of RCDI following FMT, but while 11 patients were 

successfully treated with a single FMT, 9 patients failed the initial FMT and required a second 

FMT.  Patient characteristics are shown in Table 1.  There was no difference between the two 

groups in age, gender, or duration of RCDI.   Data obtained from the Human Microbiome Project 
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Consortium for 87 different healthy individuals aged 18-40 was analyzed to determine if the 

antibiotic profile of donors used in this study was representative of a healthy cohort.  

 

2.3.2 Effects of FMT on Microbial Composition  

Prior to FMT, RCDI patients had a larger proportion of Proteobacteria (Figure 2-1A, B); 

with Klebsiella and Escherichia being the most prevalent genera (Figure 2-1C, D). Donor 

samples exhibited higher levels of diversity compared with the RCDI patients (Figure S2-1). In 

the RCDI cohort which responded following a single FMT, microbial profiles at the phyla 

(Figure 2-1A) and genus (Figure 2-1C) level increased in similarity to that of the donor (Figure 

2-2A).  In particular, the relative amount of Proteobacteria (Klebsiella, Escherichia) was reduced 

and the relative amounts of Bacteroidetes (Bacteroides) and Firmicutes (Ruminococcus, 

Faecalibacterium, Eubacterium) were increased.  In contrast, in the cohort which required a 

second FMT, the patients generally failed to resemble the donor at both the phyla (Figure 2-1B) 

and genus (Figure 2-1D) level following the initial FMT (Figure 2-1).  However, following the 

second FMT, their intestinal microbial profile did become more similar to the donor and this 

correlated with a clinical response (Figure 2-2B).  The number of raw reads aligned to 

Proteobacteria was much higher in the patients BFT samples in both cohorts compared with the 

healthy donors, and decreased significantly following the FMT in the single FMT cohort, and 

following the second FMT in the cohort which required a second FMT (Figure S2-4). 
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Table 2-1. Clinical Characteristics of Recurrent Clostridium difficile Infection Patients Receiving Fecal Microbiota Transplants 

 

 

 

 

 

 

 

 

Numbers are given as means with range in brackets. 

Abbreviations: CDI, C. difficile infection; FMT; fecal microbiota transplantation; RCDI, recurrent Clostridium difficile infection. 
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Figure 2-1. Microbial profile of stool samples from RCDI patients and donors. Microbial composition in stool samples from 

single successful FMT recipients shown at the phyla (A) and genus (C) levels before FMT (BFT; n=11), donor samples (Donors; 

n=11), and post FMT (PFT; n=11).  Microbial composition in stool samples from repeated FMT cohort shown at the phyla (B) and 

genus (D) level before FMT (BFT; n=9), first donor samples (1
st
 Donors; n=9), patients following initial failed FMT (PFT 1; n=9), 

second donor samples (2
nd

 Donors; n=9), and patients following successful second FMT (PFT2; n=6).  Data is presented as the 

fraction of total reads in each sample at the phyla level and 14 most prevalent genera.
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Figure 2-2.  Principal coordinates analysis (PCoA) of taxonomic data from RCDI patients and donors. Biplot vectors show the 4 

genera with the strongest magnitude that contributed to sample dissimilarity.   (A)  Prior to FMT, RCDI patients were defined by 

higher proportions of Klebsiella and Escherichia, while donors were predominated by Ruminococcus and Bacteroides. Following 

FMT, all but one RCDI patient clustered together with donor samples.  (B) RCDI patients which failed the initial FMT were also 

defined by Klebsiella, Enterobacteria, and Escherichia prior to FMT, and did not resemble the donors until after the second FMT.  

PCoA was performed using Bray-Curtis dissimilarity to quantify the compositional dissimilarity between samples.  (A) Green circles: 

before FMT samples; Purple triangles: post FMT samples; Red squares: donors samples.  (B) Multiple FMT cohort:  Blue circles: 

before FMT samples; Red squares: 1
st
 donors samples; Purple triangles: post 1

st
 FMT recipient samples; Red diamonds: 2

nd
 Donors 

samples; Brown circle: post 2
nd

 FMT recipient samples.  Donor cohort: n = 31; Single FMT Cohort: n = 11; Two FMT Cohort n = 9. 
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2.3.3 RCDI patients had increased numbers of antibiotic-resistant genes 

Stool donors had a mean of 3.4 ± 0.4 and a range of 1-6 ABR genes in their samples.  

This was similar to healthy controls from the Human Microbiome Project, who had a mean of 

6.0 ± 0.9 ABR genes with a range of 0-39 ABR genes. RCDI patients had increased numbers of 

ABR genes compared with donors (Figure 2-3A).  There was no correlation between duration of 

disease or age of RCDI patients and number of ABR genes (Figure S2-2A). Prior to FMT, the 

patients who responded to a single FMT had a mean of 34.5 ± 6.7 different ABR genes.  At the 

first follow-up period (1-3 wks post FMT), the number of ABR genes in the RCDI patients who 

had a clinical response had significantly decreased to a mean of 12.2 ± 7.0.  In subsequent 

follow-ups, the average number of ABR genes continued to drop to a mean of 5.1 ± 0.74 genes 

(Figure 2-3B).  The RCDI cohort which failed to respond to the initial FMT and required a 

second FMT had a mean of 20.9 ± 4.4 ABR genes prior to FMT and this did not decrease 

following the initial FMT.  However, following the second successful FMT, the number of ABR 

genes per patient dropped to 10.0 ± 4.9 genes, suggesting that a clinical response was associated 

with a decrease in ABR genes (Figure 2-3C).  
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Figure 2-3.  Number of antibiotic-resistance genes in RCDI and donor stool samples pre 

and post FMT. Metagenomic data was aligned using Bowtie2 to the Comprehensive Antibiotic 

Resistance Database (CARD; http://arpcard.mcmaster.ca) to detect ABR genes.  (A) RCDI 

patients at baseline (BFT) had increased numbers of ABR genes compared with the donors and 

healthy controls (HC). (B) Following successful FMT, the number of detected ABR genes 

decreased in the RCDI patients and this was maintained over time. All patients had a post-FMT 

(PFT) sample taken between 1-4 wks following FMT (Group 1: n=11); 9 had a sample taken 

between 4 and 8 wks following FMT (Group 2: n=9);  7 had a sample taken between 8 and 22 

weeks following FMT and 2 patients had a 1 year PFT sample (Combined in Group 3).  (C). In 

the patients which did not respond to the initial FMT, there was no decrease seen in the number 

of ABR genes following the first FMT (PFT1).  In this cohort, a decrease in the number of ABR 

genes was seen following the second FMT and this was maintained over time. All patients had a 

post-FMT (PFMT1) taken between 1-3 wks following FMT2 (Group 1: n=9); 4 patients had a 

sample taken between 3 and 12 wks following FMT2 and 2 patients had a 28 wk follow-up 

(Combined in Group 2: n=6). Healthy cohort: n=87; Donor cohort: n = 29; Single FMT Cohort: n 

= 11; Two FMT Cohort n = 9.  Whiskers denote mean with the standard deviation.  * P-value 

<0.05; ** P-value <0.005; ** P-value <0.0001 

 

 

 

 

 

http://arpcard.mcmaster.ca/
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2.3.4 RCDI patients had increased diversity of antibiotic-resistant genes 

Figure 2-4A shows the main classes of ABR genes in the three cohorts.  Beta-lactam, 

multidrug efflux pumps, fluoroquinolone, and antibiotic inactivation ABR gene classes were 

increased in the RCDI cohorts compared with donors.  In Figure 2-4B, it can be seen that the 

RCDI patient cohort which responded to a single FMT had the highest number of ABR genes 

with 73 unique and a total of 151 while patients which required a second FMT had 25 unique and 

a total of 101 ABR genes (Figure S2-3).  The donor cohort had 14 unique ABR genes and a total 

of 26, the majority of which were tetracycline antibiotic resistant genes.  Although ABR genes 

were still detected in our donor cohort, 76% of those ABR genes detected were observed in 

fewer than 10% of the 29 donor samples, and did not appear in the top 100 most detected ABR 

genes (Figure S2-3).  Three of the tetracycline genes were detected in 90% of the healthy 

donors; these included tet (W), tet (O), and tet (Q). In the healthy cohort from the HMP, tet (W) 

was also highly detected, and was found in 45% of the individuals. The genes detected in the 

RCDI patients prior to FMT belonged to a total of 31 different ABR classes, where only one was 

unique to the each of the RCDI cohorts and none to the donor cohorts (Figure 2-4C).  Seventeen 

classes were shared amongst all three cohorts, while 11 were unique to the RCDI patient cohorts.  

These were most evident in the classes of glycopeptide resistance, polymyxin resistance, 

sulfonamide resistance, lipopeptide resistance, streptothricin resistance and peptide antibiotic 

resistance (Figure S2-3).  The sole class that was unique to the single FMT cohort was genes 

conferring fosfomycin resistance while the class unique to the two FMT cohort was genes 

conferring trimethoprim resistance.  
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Figure 2-4.  Relative abundance of antibiotic resistance gene types assigned to antibiotic 

class resistance in RCDI patients and donors prior to FMT.  Identified antibiotic resistance 

genes were classified according to CARD (http://arpcard.mcmaster.ca).  Genes that confer 

resistance to multiple antibiotics were included in the analysis.  (A) The RCDI patients had a 

greater diversity of ABR gene classes compared with donors.  (B) Venn diagram showing the 

shared and unique ABR genes in the RCDI patients and donors.   (C) Venn diagram showing the 

shared and unique ABR resistance gene classes in the RCDI patients and donors. Green: single 

FMT cohort; blue:  repeated FMT cohort; red: donors. Donor cohort: n = 29; Single FMT 

Cohort: n = 11; Two FMT Cohort n = 9. 

 

 

http://arpcard.mcmaster.ca/
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2.3.5 Antibiotic resistant profiles remained constant over time in donors and in recipients 

Microarray analysis was performed to corroborate the metagenomic results and to 

examine stability over time in the donors and recipients.  In total, 229 different genes were 

detected in at least one of the samples, with the RCDI patients showing positive detection of 178 

genes and the donors having positive detection of 26.  90% of the donor samples had all three of 

the ABR genes, tet (O), tet (Q) and tet (W).  Genes within the antibiotic classes of tetracycline, 

aminoglycosides, beta-lactams, macrolides, erythromycin, and multidrug efflux were the most 

prevalent antibiotic classes detected on the microarray; similar to what was seen in the 

metagenomic data.  Samples taken from the donors were analyzed for stability over time on the 

microarray and RDCI recipients for similarity to the donor.  Antibiotic resistant profiles in the 

donors remained relatively constant over the period of donation (Figure 2-5A).  Figure 2-5B 

shows percent similarity of the single RCDI patients to their respective donor before FMT and 

post FMT. Following a successful FMT, the resistome of the recipient became more similar to 

the resistome of the donor and this was maintained up to a year following the FMT.  In contrast, 

in the RCDI patients which failed the first FMT, the resistome did not become more similar to 

the donor (Figure 2-5C).  However, following the second successful FMT, the resistome did 

become more similar to the donor, although there was more variability in this group compared 

with the single FMT group.  
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Figure 2-5. Pearson similarity index of donors over time and RCDI patients to donors. 

Samples were analyzed using a DNA microarray. (A)  Donors retained a high degree of 

similarity to their own samples over their donation time period. Donor 1= 18 months; Donor 2= 

12 months; Donor 3= 7 months (B) Percent similarity of the single FMT recipient samples at 

those time points (1=1-4 wks; 2=8-52 wks post FMT) to their respective donor. Following FMT, 

the similarity of the RCDI patients increased to more closely resemble the donors; **** p-value 

< 0.0001 calculated using paired t-test; *** p-value = 0.0005 calculated using Mann-Whitney 

test. (C) Percent similarity of the repeated FMT recipient samples at those time points to the 

respective donor of the most recent FMT (PFT 1: 1-2 wks; PFT2: 3-38 wks post FMT2); * p-

value < 0.05; ** p-value < 0.005 both calculated using Mann-Whitney test. Whiskers denote 

mean with the standard deviation. 
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2.4 Discussion 

In this study we demonstrate that patients with RCDI harbor increased numbers and 

diversity of ABR genes compared with healthy stool donors.  FMT was effective in reducing the 

load of ABR genes in conjunction with resolution of disease and this was maintained up to a year 

following the transplant.  These findings suggest that FMT may have a significant role beyond 

that of treating RCDI and may be able to eradicate multi-drug resistant bacterial infections or 

alternatively restore antibiotic susceptibility to individual patients.     

 

RCDI patients had ~30 more ABR genes compared with donors and the healthy cohort.   

Diversity of the antibiotic genes was also much higher in the RCDI patients, which had all 31 of 

the identified ABR gene classes, while only 19 were identified in healthy stool donors. In the 

donors, tetracycline and beta-lactam genes were the most prevalent.  In congruence with our 

data, it has been previously shown that genes conferring resistance to the antibiotic tetracycline 

are present in the microbiota of the majority of individuals and are also the most abundant family 

of resistance genes (12, 13).    The majority of the ABR genes detected in the healthy stool 

donors are found predominately within Bacteroidetes and Actinobacteria while ABR genes in the 

RCDI  patients are found almost exclusively in Proteobacteria with a small number in Firmicutes 

(14).   This increased load and diversity of ABR genes likely reflects the significant dysbiosis 

that was seen in the RCDI patients, with predominance of Escherichia coli and Klebsiella. 

 

The number of ABR genes was dramatically reduced after the first FMT in the patients 

who showed a clinical response, but not in the patients who failed the first FMT.  This would 

suggest that the change in the ABR gene profile was likely due to the change in microbial 
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composition, in particular the reduction in Proteobacteria induced by the FMT.  However, 

although we did show a significant reduction in total Proteobacteria in patients following FMT, it 

is also possible that FMT reduced their abundance to below our limit of detection (15, 16).  

However, case reports showing eradication of multidrug-resistant organisms in patients 

following FMT together with evidence from a murine study suggesting that multi-drug resistant 

bacteria such as vancomycin-resistant Enterococcus faecium (VRE), and Carbapenem-resistant 

Klebsiella penumoniae (CRKP) can be eliminated from the gut following FMT supports the 

potential for this procedure (17, 18, 19). The elimination of bacteria harboring ABR genes is 

thought to be a direct result of the ability of FMT to re-establish a healthy gut ecosystem which 

provides colonization resistance against pathogens by removing favorable growth conditions. 

(20)  

 

Limited options are available for patients infected with multi-drug resistant organisms. 

Although selective digestive decontamination together with the intravenous administration of 

antibiotics has shown benefit as an infection prevention measure in critically ill patients (21-23), 

the problem arises in that this regimen is associated with dramatic increases in ABR genes (24). 

In addition, once the treatment is discontinued the patients remained colonized with these multi-

drug resistant pathogens and as the gut becomes recolonized following removal of antibiotics an 

increased horizontal transfer of resistance genes from the surviving organisms to opportunistic 

aerobic pathogens may occur (25).  Eradication of virulent organisms containing ABR genes 

from the gut may also help in alleviating systemic infections, as studies have shown pathogenic 

organisms to predominate in the gut prior to translocating to and infecting other body sites (26). 



72 

 

Thus, these findings have significant clinical implications and suggests that FMT may have a 

role beyond that in treating patients with RCDI.   

 

Although we speculate that the increase in antibiotic resistance genes in the RCDI 

patients was due to the extensive antibiotic treatment in this cohort, some studies have shown a 

greater number of ABR genes in the older population (27) which may be related to accumulated 

exposure over time to factors such as heavy metals (28-30) or to the spread of ABR organisms 

from animals to humans through the food chain (31). In that the average age of our donors (36 

years) was less than that of the patients (67 years), the increased ABR genes in the RCDI cohort 

could theoretically have arisen even without prolonged exposure to antibiotics.  However, in that 

the linear regression of our data comparing age and number of ABR genes showed no significant 

correlation, it is more likely that the increase in ABR genes in this cohort was related to their 

extensive antibiotic usage.  

 

In conclusion, these results demonstrate that patients with RCDI harbor large numbers of 

microbes that carry a great diversity of antibiotic resistance genes.  FMT is effective at both 

resolving RCDI and in reducing the carriage of multiple ABR genes in these patients.  
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2.5 Endnote 

 

This work was published in Clinical Infectious Diseases. 

 

Millan B, Park H, Hotte N, Mathieu O, Burguiere P, Tompkins TA, et al. Fecal microbial 

transplants reduce antibiotic-resistant genes in patients with recurrent Clostridium difficile 

infection. Clin Infect Dis. 2016 Mar 29. 
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2.7 Supplementary Material 

 

 

 

 

 

 

 

 

 

 

Figure S2-1. Alpha-diversity as measured by the Shannon-Wiener diversity index using 

MEtaGenome Analyzer (Megan, version 5). Donor samples had increased diversity compared 

with samples from RCDI patients. Donor cohort (red), single FMT cohort (green) and repeated 

FMT cohort (blue). 
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Figure S2-2. Correlations between the number of ABR genes detected in each individual 

BFT to C. difficile duration and age. (A) the duration of their C. difficile infection (R2 = 0.059; 

p=0.3) and (B) age (R2 = 0.014; p=0.6). Dotted lines show the 95% confidence interval; linear 

regression was preformed calculating to determine the goodness of fit, and R squared of 1 

indicates the regression line perfectly fits the data. There were no significant correlations. 
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Figure S2-3. The percentage of individuals containing the top 150 antibiotic resistance genes within each cohort.  The two 

experimental cohorts, repeated FMT (blue), and single FMT (green), and in donor cohort (red) where samples were taken over time. 
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Figure S2-4. The number of raw reads detected in RCDI and Donor samples 

belonging to the phylum Proteobacteria. (A) Following successful FMT, (PFT: 1-4 

wks) the number of reads was reduced significantly. (B). In the patients who did not 

respond to the initial FMT, there was no significant decrease in the number of reads 

(PFT1). However, following the second successful FMT, a significant decrease was seen 

in the number of raw reads belonging to the phylum Proteobacteria (PFT2: 1-3 wks).  

Donor cohort: n = 29; Single FMT Cohort: n = 11; Repeated FMT Cohort n = 9.  

Whiskers denote mean with the standard deviation. * P-value <0.05; ** P-value <0.005; 

*** P-value <0.001; **** P-value <0.0001 
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Chapter 3: Pre-treatment of adult wild-type mice prior to fecal microbial 

transplantation enhances shifts in microbial abundance but not engraftment 
 

3.1 Introduction 

 

Our understanding of microbial ecology, the interactions between the microscopic living 

organisms and the environment they occupy, is continually expanding, however, there are still 

many things left unknown.  The number, diversity, and metabolic capacity of the gut 

microorganisms vary depending on the host animal and anatomical location.  Recently 

characterized correlations between changes in the microbiota and different diseases have ignited 

interest in the human gut microbiota and with this, the study of the microbiota of model 

organisms.  Experimental manipulation of the microbiota has the potential to help us understand 

and describe the relationship between host physiology and microbial community ecology.  

Current methods of altering gut microbial composition include prebiotics, probiotics, synbiotics, 

antibiotics, and fecal microbial transplantation (FMT).  To date, evidence for a health benefit 

from prebiotics is weak, while probiotics only confer a short-term health benefit, which 

dissipates when treatment is stopped.(1)  FMT has been shown to be effective for recurrent 

Clostridium difficile infection, but it remains an experiment therapeutic for other diseases.(2,3)  

FMTs expansion as a therapeutic for other health problems is occurring faster than we could 

have imagined, even going so far as to helping re-establish intestinal barrier function following 

burn injury.(4)  This touches on the endless possibilities for FMTs in treating different 

indications and the requirement for further research.  
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The succession of the gut microbiota occurs immediately after birth when the newborns 

are first exposed to the microbial filled world, and empty niches are occupied by very specialized 

microbes, many of which are maternally acquired during the process of childbirth.(5)  The 

mutualistic relationship observed between these bacteria and their host can only be explained by 

co-evolution, the long-term evolutionary adjustments of one species to another, and evidence 

from the study of Lactobacillus reuteri, indicates that species can specialize and become host 

adapted.(6)  Bacterial members of the gastrointestinal tract are classified into two groups, 

autochthonous, which are long-term residents of the GI tract found in the majority of hosts and 

allochthonous, which are organisms which transiently occupy the gut but do not colonize it.(7)  

Autochthonous bacteria play an important role by filling specific niches and adhesion sites 

thereby preventing colonization of the gut by transient and potentially pathogenic organisms, 

termed colonization resistance.  This occurs through competitive exclusion, where no two 

species can occupy the same niche indefinitely if the resource they are competing for is limited.  

When two species do coexist together in a community, either the resources they both depend on 

must not be limited, or there are one or more major differences in the niche they occupy.  These 

ecological forces, therefore, may make it difficult to manipulate the gut microbiota without first 

removing the bacteria currently occupying it. 

 

The effect of antibiotics on the gut microbiota is also well established, causing a decrease 

in diversity and number of bacteria, with spontaneous recovery taking up to three weeks in 

mice.(8-12)  One adverse effect of the overuse of antibiotics has resulted in increasing incidence 

and mortality caused by antibiotic-associated diarrhea resulting from reduced colonization 

resistance.(13)  However, this could also be harnessed to allow for colonization by beneficial 
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bacteria, enhancing the efficacy of therapeutic strategies attempting to alter the gut microbiota, 

such as fecal microbial transplantation (FMT).  Li and colleagues were able to show that both 

fecal microbiota and bacterial consortia transplantation improve recovery of the microbiota 

following perturbation by antibiotics.(14)  Bowel preparations, commonly used by clinicians 

before colonoscopy or gastroscopy have been shown to increase procedure efficiency, and 

thereby reduce the cost of colonoscopy.(15)  Conversely, it has also been shown to substantially 

change the microbiota, with the total microbial load being reduced 31-fold in healthy subjects, 

(16)  while in another study, only small short term changes were observed.(17)  In our study we 

hoped to answer if reducing diversity and bacterial load using two different treatment methods 

could enhance the engraftment of the gut microbiota from the same species of mouse, bred and 

housed in a different environment.   

 

3.2 Materials and Methods 

 

3.2.1 Experimental design 

A total of 15 male 129S1/SvlmJ Jackson Laboratory© mice, were split into three 

different cohorts, with an average age of 12 weeks, all of which received a fecal microbial 

transplant (FMT) on the fourth day of the study after stool collection (Figure 3-1).  All 

experiments performed with mice follow protocols approved by the University of Alberta 

Research Ethics Office (Ethics approval: AUC00000293). Mice drank sterilized water and were 

fed autoclaved, polysaccharide-rich, low fat, chow diet ad libitum, with no prevention of 

coprophagia.  Mice were only housed together if they were within the same treatment group.  

Mice were housed under conventional conditions with light/dark cycles of 12 hours.  Mice were 
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sacrificed by cervical dislocation after inhalation of anesthesia (isopropanol).  The three different 

pre-FMT treatments provided to the mice were as follows: 1) Mice were gavage with 200µL 

autoclaved helix water for 3 days followed by 200µL FMT (FMT-only); 2) Mice were gavage 

with 200µL autoclaved helix water for 2 days, followed by a gavage with PegLyte® (Rexall 

pharmacy Cat. No. 00512496) at a concentration of 70 g/L with 17.8 mmol/L of polyethylene 

glycol and given it over-night ad libitum and fasted followed by 200µL FMT (bp + FMT); 3) 

Mice were gavage with 200µL of 500 mg/L of Vancomycin Hydrochloride (Calbiochem: Cat. 

No. 627850) with 1.00 g/L of Metronidazole (Sigma-Aldrich: Cat. No. M1547-5G) for 3 days 

followed by FMT (abx + FMT).  Bowel preparation and antibiotic solutions were made using 

filtered and autoclaved helix water.  Treatment regimens were delivered via gavage using a blunt 

end needle into the lower esophagus of the mice.    Stool collection occurred at baseline (day 0), 

prior to the FMT procedure (day 4; after treatment), as well as two follow-up time points, three 

days after the FMT (day 7), and 31 days after the FMT (day 35) (Figure 3-1).  Upon collection, 

the stool was snap frozen in liquid nitrogen and placed in the -80°C freezer until analysis was 

performed.     
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Figure 3-1. Project design and stool sample collection. Blue arrows represent treatment time points with either: 1) 200µL 

autoclaved helix water for 3 days (FMT-only); 2) autoclaved helix water for 2 days, followed by 1 day with PegLyte® (bp + FMT); or 

3) Vancomycin Hydrochloride with Metronidazole  for 3 days (abx + FMT).  The brown arrow represents the fecal microbial 

transplant (FMT) all the mice received on day four.  Black arrows represent stool collection time points.  The total length of the study 

was 5 weeks. 
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3.2.2 Fecal Microbial Transplantation (FMT) 

 

Fecal microbial transplantation was performed on day four after the three-day 

treatment period.  15 healthy 129S1/SvlmJ wild-type mice from our colony at the 

University of Alberta, with an average age of 13.0 ± 0.7 weeks were used as stool pellet 

donors to make a stock solution of FMT slurry.  FMT slurry was prepared by adding 200 

mL of helix water per stool pellet, disruption using an electric mortar and pestle, filtering 

through a 40 µm nylon cell strainer and then adding 20% volume/volume of glycerol for 

storage.  Before FMT, the stock solution was diluted 1:2 (400 mL of water per stool 

pellet and 10% glycerol).  All mice received an oral gavage of 200µL of pooled stool 

from healthy 129S1/SvlmJ mice containing 10% glycerol.   

 

3.2.3 DNA Extraction and Metagenomic Analysis  

For genomic DNA extraction, one pellet of mouse stool (average 41.71 mg) was 

suspended in 300µL of AquaStool™.  The suspensions were transferred to MP bio 

Lysing Matrix E (REF: 6914-100) tubes containing 1.4 mm ceramic spheres, 0.1 mm 

silica sphere, and one 4 mm glass sphere for efficient lysis of bacteria within the stool 

solution.  Tubes were shaken in an MP Bio Fast Prep-24 Bead Beater at 6.5 m/sec for 40 

seconds.  DNA was extracted following the AquaStool™ designed protocol for mouse 

fecal DNA extraction and genotyping (MultiTarget Pharmaceuticals, LLC).  The FMT 

stock solution was spun at 14,000 g for 15 minutes to concentrate the bacteria into a 

pellet and then the same extraction protocol was followed.  Immediately following 

extraction, a simple ethanol precipitation protocol was performed; samples were 

quantified by Nanodrop as well as Quant-iT™ PicoGreen® double-stranded DNA assay 
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kit (ThermoFischer; CAT: P11496) to determine the concentration of DNA.  For 16S, 

rRNA sequencing samples were diluted to 10ng/µL before the first PCR reaction. 

 

A total of 2,547,393 total bi-directional reads, a minimum of 25,496, maximum of 

48,985 and a median of 42,865 reads were obtained following sequencing of the PCR-

amplified V4 region on an Illumina MiSeq sequencer.  Processing of the raw sequencing 

reads in the QIIME pipeline included the normalization to 100,000 reads per sample and 

the removal of any reads with a Phred quality score (q-score) lower than 20 (1% error 

rate).  Visualization of the core output results was performed also using the QIIME 

pipeline.(18)  See Appendix 1 for the command line used.  Operational taxonomic units 

(OTUs) were defined as having a 97% sequence similarity threshold.  

 

3.2.4 Copy Number 

 Extracted DNA samples were diluted and quantified by Nanodrop as well as 

Quant-iT™ PicoGreen® double-stranded DNA assay kit (ThermoFischer; CAT: P11496) 

for a starting concentration of 10 ng/µL.  A standard was made by PCR amplification of 

the targeted 464 base pair region of the 16S gene using a designed primer set (341mF & 

805mmR) based off of the standard Illumina® primers.  Approximately 500 ng of DNA 

was used with the following PCR parameters: 94ºC for 3 minutes followed by 35 cycles 

of 94ºC for 30 seconds, 57ºC for 30 seconds, 72ºC for 30 seconds, followed by 10 

minutes at 72ºC, and 4ºC for ∞.  Following PCR amplification, clean up was performed 

using QIAquick PCR Purification Kit (QIAGEN; Cat. Num. 28104), and the sample was 

diluted to 0.2 ng/µL, followed by ten-fold dilution to make a standard curve for the RT-
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PCR to determine the copy number of each sample.  8µL of each sample at a known 

concentration was added to the PCR mix and with the same cycle parameters as above.  

The number of gene copies in the top standard was determined using a simple calculation 

(www.unitconversion.org), which was used to determine the gene copy number in each 

of the samples. 

 

3.2.5 Statistical Analysis 

Shapiro-Wilk test was used to determine if data were normally distributed, and, 

therefore, only non-parametric tests were used to determine statistical differences.  

Multiple comparisons using repeated measures analysis of variance (ANOVA) were used 

for all data-over-time, with the comparison being to the respective cohorts’ baseline 

values.  Using the Qiime pipeline (18), paired-end reads were merged, and sequence 

reads were normalized to 100,000 per sample, as well as all low quality reads (q-score < 

20; 1% error rate) were removed.  Partial least squares-discriminant analyses (PLS-DA) 

were performed on log-transformed abundance values using web-based data processing 

tool MetaboAnalyst 3.0 (with 95% CI).(19)  In MetaboAnalyst, statistical computing and 

visualization operations are performed using a function from the R and Bioconductor 

packages.(20)  PLS-DA is used to maximize class differentiation using a supervised 

statistical method.  A 1000 permutation test was performed to validate to determine the 

significance of the models.  A permutation test evaluates whether the specific 

classification of the samples in the designed groups is significantly better than any other 

random classification.(21)  This occurs by first performing the permutation on the 

classes, then randomly assigning samples with the ‘wrong’ labels, and performing the 

http://www.unitconversion.org/
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permutation again.  The idea is that with the wrong class labels, the newly calculated 

classification model should not be able to predict the classes very well.  The fewer 

samples it can properly classify, the greater the differences are between the classes being 

compared.(22)  The similarity of microbial samples to the donor FMT slurry microbial 

composition was also compared by calculating the Jaccard Index and the Pearson 

Product-Moment Correlation.  For all tests a p-value <0.05 was considered statistically 

significant. 

 

3.3 Results 

 

3.3.1 Microbial Composition 

Microbial composition was analyzed using quantitative real-time PCR, and 16S 

rRNA sequencing was performed on the pooled donors sample, as well as at baseline 

(day 0), after treatment (day 4), 3 days after FMT (day 7) and 31 days after FMT (day 35) 

for each mouse in the three different cohorts.   By pooling together the stool from 15 

different 129S1/SvlmJ mice from our colony, we expected the slurry to have a more 

diverse composition of microbes.  The alpha-diversity as measured by the Shannon-

Wiener diversity index was greater in the pooled FMT (2.32) than the average baseline 

value from any of the three cohorts of Jackson mice (FMT only: 2.03 ± 0.03; Bp + 

FMT: 1.86 ± 0.04; Abx + FMT: 1.90 ± 0.04; Figure 3-2A).  Bowel preparation and the 

antibiotic treatment regimen did not have a significant effect on alpha-diversity.  

Following FMT, the alpha diversity of all 3 cohorts increased 3 days following the 

procedure, however, 31 days after the procedure, the bowel prep + FMT cohort was the 
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only group to have an increase from day 7 to day 35, although the antibiotics + FMT 

cohort maintained a significantly higher alpha-diversity than its baseline value.  Alpha 

diversity was only significantly increased in the cohort that received a pre-FMT treatment 

regimen, with the antibiotics + FMT cohort having the largest increase on day 7 

(p<0.001), and the bowel prep + FMT cohort having the most significant increase on day 

35 (p<0.0001).  

 

 In contrast, the richness, as defined by the number of different operational 

taxonomic units (97% similarity) was similar in the pooled FMT sample to the bowel 

prep + FMT cohort (391 and 394 respectively; Figure 3-2B), while it was much lower at 

baseline in the other two cohorts.  Microbial richness was significantly reduced following 

antibiotic treatment (p-value < 0.05), however, it was only slightly affected by the bowel 

preparation treatment. All three cohorts experienced an increase in richness following the 

FMT while a statistically significant increase was only observed on day 35 in the bowel 

prep + FMT cohort (p-value < 0.01).  

 

The bacterial load, as measured by the copy number of bacterial 16S rRNA genes 

per gram of stool was dramatically reduced by antibiotic treatment while bowel prep 

appeared to have little effect (Figure 3-2C).  Three days following FMT, the antibiotics + 

FMT had an increased bacterial load (p < 0.05) in comparison to the baseline value, 

whereas 31 days following FMT there was no statistically significant difference. 
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Figure 3-2. Characteristics of the gut microbiome determined through 16S 

sequencing and quantitative real-time polymerase chain reaction (PCR) of the 16S 

rRNA gene.  (A) Alpha-diversity calculated using the Shannon-Wiener index, (B) 

bacterial richness determined by the number of different operational taxonomic units 

(97% similarity) and (C) the 16S rRNA gene copy number or bacterial count per gram of 

stool. Black= FMT only, Grey = Bowel Prep + FMT, and Red = Antibiotics + FMT.  

Dotted line represents the donor FMT slurry.  (* p-value < 0.05; ** p-value < 0.01; *** 

p-value < 0.001; **** p-value < 0.0001; p-values determine using two-way 

ANOVA/Dunnetts’ multiple comparisons test) 
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 To determine the amount of microbial engraftment, a Jaccard similarity index and 

a Person product-moment correlation were calculated, comparing each sample from the 

different time-points to the donor microbial profile at the genus level (Figure 3-3).  Both 

of these similarity measures were used because the Jaccard index only focuses on the 

presence or absence of the different bacteria, while the Pearson product-moment 

correlation takes into account both the presence and the relative abundance of the 

bacteria.  The average similarity between the donor FMT slurry and the three cohorts 

baseline samples using Jaccard was 44.00 ± 1.30% and Pearson was 43.81 ± 1.84%, 

indicating that at the start of the study the microbial profile of the mice from Jackson© 

compared with mice raised in our facility were substantially different, and using either 

indices gave us a similar same result.  Jaccard index showed only a slight reduction in the 

similarity to the donors (43.5 ± 0.02% to 39.3 ± 0.05%), while Pearson saw a decrease of 

19% (45.7 ± 2.17% to 24.68 ± 9.43%; p-value < 0.01) following the antibiotic treatment.  

Different results from the two calculations suggest that our antibiotic treatment was very 

capable of changing the relative proportion of bacteria, but was not as sufficient in 

eradicating bacteria completely from the gut.  Bowel preparation had very little effect on 

the Jaccard index, while a slight increase in the Pearson product-moment correlation was 

observed following treatment. Following FMT, all three cohorts’ microbial profile was 

significantly more similar to the donor FMT slurry using Jaccard, increasing significantly 

to an average of 69% (p-value < 0.0001).  Pearson correlation also saw a significant 

increase in similarity to the donor in all three cohorts, but to a greater extent in the 

antibiotics + FMT cohort.  This high level of engraftment and similarity to the donor 

microbial profile was maintained in the recipient, regardless of their pre-FMT treatment 
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regimen after four weeks using the Jaccard index, however, the significant increase in 

similarity was only seen in the antibiotics + FMT cohort using Pearson correlation (p-

value < 0.05).  These results support our original hypothesis, but we expected a more 

significant difference between the engraftment efficacy between the different cohorts. 
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Figure 3-3. Similarity of genera in recipient microbiota to the donor FMT slurry. 

Measured using (A) Jaccard similarity index measured and (B) Pearson Product Moment 

Correlation. Black= FMT only, Grey = Bowel Prep + FMT, and Red = Antibiotics + 

FMT.  (* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001; 

p-values determine using two-way ANOVA/Dunnetts’ multiple comparisons test) 
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 Partial least squares Discriminant Analysis (PLS-DA) was performed on the 

microbial profiles to see if specific time-points and/or cohorts clustered together using 

MetaboAnalyst 3.0.(19)  At baseline there were no significant differences in the 

microbial profiles of the different cohorts as expected, although inter-individual 

differences were observable (Figure 3-4A; p-value = 0.905). A significant difference was 

only detected following the pre-FMT treatment regimen on day 4, where the mice 

receiving antibiotics clustered separately from the other two cohorts (Figure 3-4B).  On 

days 7 and 35, samples grouped more within their cohort, although the differences were 

not significant (Figure 3-4C & 4D).  When looking at each cohort, regardless of the pre-

FMT treatment regimen, the day 7 and day 35 cluster very separately from the baseline 

and post-treatment samples (Figure 3-5).  The microbial profile of mice that received the 

antibiotic pre-FMT treatment group much closer together on days 7 and 35 than those 

same time-point samples in the other two cohorts.  All samples clustered separately of the 

donor FMT slurry, with the day 7 and day 35 samples being most similar (Figures S3-1 

and S3-2). 
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Figure 3-4. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of the mice at all four time-points made using MetaboAnalyst 3.0. Red = 

FMT only, Green = Bowel Prep + FMT, and Blue = Antibiotics + FMT. P-values were 

calculated using the provided permutation test consisting of 1000 permutations. 
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Figure 3-5. Partial least squares 

Discriminant Analysis (PLS-DA) 

of the microbial profiles of the 

mice separated by cohort made 

using MetaboAnalyst 3.0. Red = 

day 0 (baseline), Green = day 4 

(post-treatment), Blue = day 7 (post–

FMT), and Teal = day 35 (sacrifice). 

P-values were calculated using the 

provided permutation test consisting 

of 1000 permutations. 
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The detected operational taxonomic units showed that at baseline, the microbial 

community of the recipient mice contained 6 different phyla, dominated by Firmicutes 

(56.7 ± 1.61%) and Bacteroidetes (32.23 ± 1.55%) (Appendix 2).  Significant changes in 

relative abundance as measured by the proportion of total reads were observed in 5 

families of bacteria: Anaeroplamataceae, Clostridiaceae, Bacteroidaceae, S24-7, and 

Lactobacillaceae (Figure 3-6; Table 3-1 for donor FMT slurry).  Very minute changes 

were seen as a result of the bowel preparation treatment, although there was a slight 

increase in S24-7, and a corresponding decrease in Clostridiaceae (Figure 3-6B).  As 

expected, the antibiotic treatment resulted in a substantial reduction in S24-7 and 

Clostridiaceae, and an increase in Anaeroplasmataceae at day 4 (Figure 3-6C).  

Following FMT in all three cohorts, the relative abundance of each family moved in the 

direction of the donor FMT slurry on day 7. However, most trends appeared to return to 

the direction of their baseline value on day 35. Furthermore, the changes observed were 

very similar regardless of the pre-FMT treatment regimen.  Bacteroidaceae were 

significantly higher in the antibiotics + FMT cohort (p<0.01) 3 days following FMT, 

while Clostridiaceae were significantly reduced in comparison to baseline (p<0.001; 

Figure 3-6).  Significant decreases in Clostridaceae were also seen following FMT in the 

FMT only (p<0.5) and the bowel prep + FMT cohorts (p<0.001).  A significant increase 

in Lactobacillaceae was only observed in the bowel prep + FMT cohort (p<0.5) three day 

following FMT. 
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Figure 3-6. Relative abundance (proportion of total reads) of five bacterial families 

with the most significant changes following fecal microbial transplantation (FMT). 
The relative proportion of each family in the donor FMT slurry is listed in the table below 

the graphs. Purple = Anaeroplasmataceae, Green = Clostridiaceae, Red = 

Bacteroidaceae, Blue = S24-7, and Grey = Lactobacillaceae.  (* p-value < 0.05; ** p-

value < 0.01; *** p-value < 0.001; p-values determine using two-way ANOVA/Dunnetts’ 

multiple comparisons test) 
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Table 3-1.  Relative abundance (proportion of total reads) in the donor fecal microbial 

transplantation (FMT) slurry of five bacterial families with the most significant changes 

in the recipient mice. 
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3.4 Discussion 

 

As expected, mice housed separately (Jackson© versus University of Alberta) 

regardless of being the same species (129S1/SvlmJ) have different gut microbial 

composition and cluster very separately via PLS-DA (p < 0.0001).  This difference in 

microbiota between mice from the same strain is critical information when designing and 

performing gut microbial and ecological studies.  The only bacterial family that was not 

present in the donor FMT slurry but was in the Jackson© mice was a family from the 

Mollicute lineage, the Anaeroplamataceae (Figure 3-6).  These bacteria have been found 

to have increased abundance following a high-fat diet in animal models, and may suggest 

that Jackson© mice have a slight gut microbiota dysbiosis.(23, 24)   

  

 Pre-FMT treatment with bowel preparation (PEG 3350) only had a slight effect on 

the gut microbiota, where there was a small reduction in 16s rRNA gene copy number 

(bacterial load) following treatment, no change in the richness, but a slight increase in 

alpha-diversity.  These results, and the lack of change in the Jaccard Index, and an 

increase is the Pearson correlation after treatment, suggest that bowel preparation has a 

larger effect on the more abundant microbes, but does not have the ability in this setting 

to completely irradicate certain species from the microbial community.  However, it is 

also possible that this change could have been caused by the 24 hours fasting that these 

mice underwent in addition to the treatment.  Currently available studies investigating the 

effect of bowel preparation on the microbiota suggest that there can be significant or 

transient effect following bowel preparation treatment.(16, 17)  Nevertheless, the effect 
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of bowel preparation on microbial composition was significant enough to result in the 

largest increase in alpha-diversity four weeks following FMT.   

 

 Vancomycin is an antibiotic that targets Gram-positive bacteria and is poorly 

absorbed in the gut.  Metronidazole is an antibiotic effective against anaerobic bacteria 

and certain parasites.  In Figure 3-6, we can see that the relative abundance of the gram-

positive Lactobacillaceae and Clostridiaceae is reduced following antibiotic therapy, 

which allows for the expansion of the Anaeroplasmataceae into a previously occupied 

niche.  This is congruent with the ecological concepts of the completive exclusion 

whereby in our mice, the niche is likely occupied by a different bacterium which can 

successful take it over from Anaeroplasmataceae following FMT and exclude it from re-

establishing itself in the community.  The fact that Anaeroplasmataceae are not entirely 

removed for the long term, but persist at lower levels suggests that there may be a sharing 

of the niche between it and the new occupying organism, reducing its fundamental niche, 

and accepting a smaller, realized niche.   

 

 Regarding engraftment efficacy, all three cohorts experienced statically 

significant engraftment (p < 0.0001) as measured by the Jaccard index and Pearson 

correlation (Figure 3-3), although, only a few changes in the microbiota were noticeable 

at the family level (Figure 3-6).  Engraftment efficacy was more significant using 

Pearson correlation in the antibiotics + FMT cohort, causing it to cluster most closely 

together (Figure 3-5), suggesting that the antibiotic treatment may result in a more stable 

and specific microbiota following FMT.  This may be necessary for certain disease states 
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to enhance the longevity of fecal microbial transplantation therapy.  Reduced diversity 

has now been associated with a multitude of diseases such as necrotizing enterocolitis 

(25), increased risk of allergies (26), Crohn’s disease (27) while increased diversity and 

richness are correlated with overall health in an elderly population.(28)  If reduced 

diversity is part of the pathophysiology of these diseases, and not a result of illness, pre-

FMT treatment with bowel preparation may be the best approach to enhance the 

microbial diversity for a longer period with an FMT.  However, this requires much more 

research, as these were healthy wild-type mice with no underlying genetic predisposition 

to disease.  We observed that the relative proportion of each family following FMT 

(day7) followed a trend towards the relative proportion of that family in the donor FMT. 

Over time, however, the relative proportion at day 35 suggests that the change was 

transient and that the microbial profiles are gradually returning to their baseline 

composition.  These results suggest that bacteria from a different host of the same species 

are still similar enough (or even the same) that they can colonize the gut of the recipient 

and alter the relative proportion of those microbes.  This effect appears to be transient, 

and it seems that host-determined factors start to return the microbiota back to the 

baseline.  The work by Manichanh and colleagues suggested that antibiotic treatment pre-

FMT did not result in enhanced engraftment in their rats.(29)  In contrast, our results 

correlate with ecological principles showing that antibiotic treatment pre-FMT can 

perturb the gut microbiota enough to allow for enhanced engraftment of the donor 

microbiota.  The differing results may be due to our method of determining donor 

engraftment, where Pearson correlation not only considers the introduction or removal of 

bacteria but also their relative proportion within the community.  Therefore, with FMT, 
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we can efficiently alter the balance of the microbial community.  However, the 

introduction or removal of new genera using FMT occurs at the same rate regardless of 

treatment before FMT with antibiotics or bowel preparation. 

 

There are some limitations with this study that should be addressed.  First, cohorts 

of mice receiving just bowel preparation, or just antibiotics without FMT should have 

been included to determine if the changes in the microbial profile were the result of the 

FMT or long-term effects of the pre-FMT treatment regimen.  Long-term effects of 

antibiotics on the gut microbiota in humans have been previously shown (30), and 

perhaps without an FMT, a microbial profile more similar to the donors could have 

occurred.  FMT is most often used therapeutically for RCDI, with more interest being 

shown for other diseases, and these patients often have other comorbidities or altered 

immune responses that would change the hosts’ reaction to an influx of microbes, which 

may alter engraftment efficacy.  Culture-independent techniques such as 16S rRNA 

sequencing provide us with a plethora of information about the microbial diversity within 

the gut of any organism.  The genes for 16S rRNA (16S rDNA) have both conserved 

regions and variable regions, which allow for the identification of individual species 

through amplification of the gene using universal primers.  The limitations of next-

generation sequencing include the detection of both resident and transient organisms, as 

well as both dead and alive organisms, which may be metabolically active or inactive, 

giving us just a snapshot of the dynamic gut microbiota.  Conclusions made from 16S 

rRNA sequencing are on the basis of changes in the relative proportion of the reads, but 

we are not able to determine if these changes result in any functional changes of the 
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microbiota, in that some bacteria are more metabolically active than others.  Furthermore, 

uncharacterized bacteria are not in the database we used, and therefore would not be 

detected in our samples. 
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3.6 Supplementary Material 

 

Figure S3-1. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of the mice at all four time-points with the donors made using 

MetaboAnalyst 3.0. Red = FMT only, Green = Bowel Prep + FMT, Blue = Antibiotics + 

FMT and Teal = Donors. P-values were calculated using the provided permutation test 

consisting of 1000 permutations. 
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Figure S3-2. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of the mice separated by cohort with the donors using MetaboAnalyst 3.0. 
Red = day 0 (baseline), Green = day 4 (post-treatment), Blue = day 7 (post–FMT), Teal = 

day 35 (sacrifice), and Purple = Donors.  P-values were calculated using the provided 

permutation test consisting of 1000 permutations.
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Chapter 4: Fecal microbial transplantation without pre-treatment regimen is 

the most effective in reshaping the gut microbiota and reducing colitis in male 

IL-10 -/- mice 
 

4.1 Introduction 

 

 

Inflammatory bowel disease (IBD) has two major phenotypes, ulcerative colitis (UC) 

causing continuous surface inflammation in the colon and rectum, and Crohn’s disease (CD), 

causing transmural inflammation from the mouth to the anus that can result in scarring and 

stricturing of the gastrointestinal tract.(1, 2)  The precise pathogenesis of IBD has yet to be 

determined, but there is a known association between genetics, the environment, the host 

immune system and the microbiota.  Based on recent interest in fecal microbial transplantation 

(FMT) as a treatment for IBD, many questions remain unanswered surrounding the approach that 

would be most efficacious for treating IBD patients.  There is little information in the literature 

specific to the use of FMT as a treatment for IBD.  Therefore, there is no standardized approach, 

and many different pre-procedure treatments have been described including standard 

colonoscopy preparation with or without antibiotic treatment.(3)  Despite this, Coleman and 

colleagues report a combined clinical remission rate of 45.4% for patients receiving an FMT for 

IBD, similar to the efficacy of other IBD therapy such as methotrexate (4), anti-TNF antibodies 

(infliximab) (5), and mesalazine (5-aminosalicyclic acid).(6)  If a more standardized approach 

that took into account ecological and physiological principles could be established, this may 

result in a more efficacious therapy for patients with IBD.   
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Antibiotics have a dramatic effect on the intestinal microbiota, with different classes of 

antibiotics having different specificities and preferred location of action.(7)  Antibiotics can 

result in a substantial decrease in commensal gut microbes; this, in turn, changes community 

ecology and can cause antibiotic-associated diarrhea.(8)  Vancomycin is a glycopeptide 

antibiotic which ultimately lowers the mechanical strength of the extracellular peptidoglycan 

layer in gram-positive bacteria rendering it susceptible to lysis as osmotic pressure changes 

occur.(9)  Vancomycin is typically given intravenously, because when taken orally, it is not 

absorbed in the gastrointestinal tract, although this feature makes it efficacious against 

gastrointestinal infections.  In contrast, metronidazole targets anaerobic bacteria that are both 

gram-positive and gram-negative.  It is also available as intravenous and oral dosage forms, 

which rapidly kills bacteria and has good tissue penetration.(10)  Vancomycin and metronidazole 

are the primary choice of antibiotics for initial and recurrent episodes of Clostridium difficile 

infection (CDI).(11)  Bowel preparations are commonly used before colonoscopy or gastroscopy 

as they have been shown to increase procedure efficiency and thereby reduce the cost of 

colonoscopy.(12)  However, bowel preps have also been shown to substantially change the 

microbiota, with the total microbial load being reduced in healthy subjects.(13, 14)  Research in 

both mice and humans has shown that oral vancomycin reduces both total numbers and diversity 

of the gut microbiota.(15-17)  Thus, pre-treatment with antibiotic and bowel prep prior to FMT 

may help to reduce colonization resistance thus increasing the ability of the donor microbes to 

survive and engraft. 

 

Interleukin-10 (IL-10) was first shown to inhibit cytokine production by Th1 cells, 

resulting in its description by Fiorentino and colleagues as a cytokine synthesis inhibitory factor 
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(CSIF).(18)  IL-10 knockout (IL-10 -/-) mice, a long-standing model of colitis, were initially 

generated by gene targeting, and have normal lymphocyte development and antibody responses, 

although most animals are growth retarded, anemic, and suffer from chronic colitis.(19)  

Alterations in the intestine include extensive mucosal hyperplasia, inflammatory reactions, and 

aberrant expression of major histocompatibility complex class II (MHC-II) molecule on the 

epithelia (19), as well as defects in primary intestinal permeability.(20)  In a healthy animal, 

immune cells are tolerant to the commensal microbes.  This tolerance is maintained in part 

through the action of IL-10, which suppresses the secretion of pro-inflammatory cytokines such 

as IFN-γ, IL-1β, and IL-12.(21)  In the IL-10 -/- mouse, enteric gut bacteria are required for the 

development of the colitis.(22)  IL-10 -/- mice maintained in germ-free conditions do not 

develop gastrointestinal inflammation, while in specific pathogen-free conditions, they develop 

only a mild colitis.(23)  Furthermore, antibiotic therapy has been previously shown to reduce the 

severity of colitis in IL-10 -/- mice.(24) Studies using the probiotic bacterial strain Lactobacillus 

have shown prevention of colitis in the IL-10 -/- model.(25)  These data support the concept of 

altering the gut microbiota as a treatment for either preventing or treating colitis.  Although there 

are obvious limitations with mouse models and translating findings to humans, this study was 

designed to enhance our knowledge surrounding the potential use of FMT for the treatment of 

IBD in humans.   

 

 

 

 

 



115 

 

4.2 Materials and Methods 

 

4.2.1 Experimental Design 

Experiments that were performed followed protocols approved by the University of 

Alberta Research Ethics Office (Ethics approval: AUC00000293).  Twenty male 129S1/SvlmJ 

IL-10 -/- mice (70 ± 0.9 days old) from our conventional housing colony with 12 hour light/dark 

cycles at the University of Alberta were separated into the four different cohorts (Figure 4-1).  

The mice drank sterilized water and fed autoclaved, polysaccharide-rich, chow diet ad libitum, 

with no prevention of coprophagia.  Mice were housed together if they were within the same 

treatment group.  Due to their territorial behavior, male mice can only be housed together if they 

are introduced very early in life.  The mice were nine weeks of age at the time of study design, 

therefore, when non-littermates were housed together, fighting ensued.  Small sample size, the 

stress caused by fighting, and the cost of individually housing the mice prevented me from 

properly separating littermates into the different treatment cohorts. Mice were weighed on days 

0, 1, 2, 3, 4, 10, 17, and 35 and then sacrificed by cervical dislocation after inhalation of 

anesthesia (isoflurane).  The four different treatments provided to the mice are as outlined:  

1) Control (FMT only): autoclaved helix water followed by FMT (FMT-only);  

2) Bowel prep followed by FMT: PegLyte® (Rexall pharmacy Cat. No. 00512496) at a 

concentration of 70 g/L with 17.8 mmol/L of polyethylene glycol (Bp + FMT); 

3) Antibiotics followed by FMT: 0.50g/L of vancomycin hydrochloride (Calbiochem: 

Cat. No. 627850) with 1.00 g/L of metronidazole (Sigma-Aldrich: Cat. No. M1547-

5G; Abx + FMT);  
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4) Antibiotics plus bowel prep followed by FMT: pre-FMT treatment consisting of both 

the antibiotic regimen as well as the bowel preparation  (bp, abx + FMT).   

 

Solutions were made using filtered and autoclaved helix water.  Antibiotic treatment 

regimen consisted of gavaging 200µL of antibiotic solution using a blunt end needle into the 

stomach of mice for three consecutive days (~7.3 mg/kg/day of metronidazole & ~3.6 mg/kg/day 

of vancomycin hydrochloride).  Mice in the PegLyte® cohort were gavaged 200µL of autoclaved 

helix water for the first two treatment days, and 200µL PegLyte® on the third treatment day.  

They also had their drinking water replaced with the PegLyte® solution and fasted overnight 

until they received their FMT.  The FMT-only group received oral gavages of 200µL autoclaved 

helix water daily to reduce the stress effect of the gavage procedure on the outcomes.  All four 

cohorts received a 200µL FMT on the fourth day of the study after stool collection.  Stool pellets 

were collected from IL-10 -/- mice for analysis at baseline (day 0), after the treatment period 

(day 4), as well as two follow-up time points, three days after the FMT (day 7), and four weeks 

after the FMT (day 35) (Figure 4-1).  Upon collection, the stool was snap frozen in liquid 

nitrogen and stored in the -80°C freezer until analysis was performed.     
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Figure 4-1. Project design and stool sample collection. Green arrows represent treatment time points with either: 1) Control: 200µL 

autoclaved helix water for 3 days (FMT-only); 2) Bowel prep followed by FMT: 200µL autoclaved helix water for 2 days, followed 

by 200µL PegLyte® for 1 day and PegLyte® over-night (bp + FMT); 3) Antibiotics followed by FMT: 200µL vancomycin and 

metronidazole  for 3 days (abx + FMT); or 4) Antibiotics plus bowel prep followed by FMT: 200µL vancomycin and metronidazole  

for 3 days with PegLyte® over-night (bp, abx + FMT) .  The brown arrow represents the fecal microbial transplant (FMT) all the mice 

received on day four.  Black arrows represent stool collection time points.  The total length of the study was five weeks. 
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4.2.2 Fecal Microbial Transplantation (FMT) 

Fecal microbial transplantation was performed on day four, after the three-day 

pre-treatment period.  Fifteen healthy 129S1/SvlmJ wild-type mice with an average age 

of 13.0 ± 0.7 weeks were used as stool pellet donors to make a stock solution of FMT 

slurry.  Stool collected from the mice was prepared into a stock solution by adding 200 

mL of helix water per stool pellet and disrupted using an electric mortar and pestle 

followed by filtering through a 40 µm nylon cell strainer and then adding 20% 

volume/volume of glycerol for storage.  By pooling the donor stool, we aimed to create a 

consistent transplant with a different diversity and greater richness than the endogenous 

microbiota of the recipient mice.  Before FMT, the stock solution was diluted 1:2 (400 

mL of water per stool pellet) for gavage.  All mice received an oral gavage of 200µL of 

pooled stool from healthy 129S1/SvlmJ mice containing 10% glycerol.   

 

4.2.3 DNA Extraction and Metagenomic Analysis 

For genomic DNA extraction, one pellet of mouse stool (average 41 mg) was 

suspended in 300µL of AquaStool™ in an MP bio Lysing Matrix E (REF: 6914-100) 

tube containing 1.4 mm ceramic spheres, 0.1 mm silica sphere, and one 4 mm glass 

sphere for efficient lysis of bacteria within the stool solution.  The FMT stock solution 

was spun at 14,000 g for 15 minutes to pellet the bacteria before extraction, and done in 

duplicate.  Tubes were shaken in an MP Bio Fast Prep-24 Bead Beater at 6.5 m/sec for 40 

seconds.  DNA was the extracted following the AquaStool™ designed protocol for 

mouse fecal DNA extraction and genotyping (MultiTarget Pharmaceuticals, LLC), 

followed by an ethanol precipitation.  Sample concentration was first quantified by 
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Nanodrop followed by Quant-iT™ PicoGreen® double-stranded DNA assay kit 

(ThermoFischer; CAT: P11496). 

 

A total of 3,093,075 total bi-directional reads, a minimum of 22,940, maximum of 

58,747 and a median of 38,186 reads were obtained following sequencing of the PCR-

amplified V4 region on an Illumina MiSeq sequencer. Processing of the raw sequencing 

reads in the QIIME pipeline included the normalization to 100,000 reads per sample and 

the removal of any reads with a q-score lower than 20 (1% error rate).  Visualization of 

the core output results was performed also using the QIIME pipeline.(26)  See Appendix 

1 for the command lines used.  Operational taxonomic units (OTUs) were defined as 

having a 97% sequence similarity threshold.  With the taxonomic information, predictive 

functional profiling of communities by reconstruction of unobserved states (PICRUSt) 

analysis was performed to predict the functional capacity of the microbiota and visualized 

using linear discriminant analysis (LDA) effect size (LEfSe). (27, 28) 

 

4.2.4 Copy Number 

 Extracted DNA samples were diluted and quantified by Nanodrop as well as 

Quant-iT™ PicoGreen® double-stranded DNA assay kit (ThermoFischer; CAT: P11496) 

for a starting concentration of 10 ng/µL.  A standard was made by PCR amplification of 

the targeted 464 base pair region of the 16S gene using a designed primer set (341mF & 

805mmR).  Approximately 500 ng of DNA was used with the following PCR parameters: 

94ºC for 3 minutes followed by 35 cycles of 94ºC for 30 seconds, 57ºC for 30 seconds, 

72ºC for 30 seconds, followed by 10 minutes at 72ºC, and 4ºC for ∞.  Following PCR 
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amplification, clean up was performed using QIAquick PCR Purification Kit (QIAGEN; 

Cat. Num. 28104), and the sample was diluted to 0.2 ng/µL, followed by ten-fold dilution 

to make a standard curve for the RT-PCR to determine the copy number of each sample.  

8µL of each sample at a known concentration was added to the PCR mix following the 

same cycle parameters as above.  The number of gene copies in the top standard was 

determined using a simple calculation (www.unitconversion.org), which was then used to 

determine the copy number of each sample. 

 

4.2.5 Stool Lipocalin-2 

Stool samples were reconstituted in 100 mg/mL of phosphate buffered saline 

(PBS) containing 0.05% Tween 20, and vortexed for 20 minutes to get a homogenous 

fecal suspension.  The fecal suspension was then centrifuged for 10 minutes at 12,000 

rotations per minute (rpm) and 4ºC, collecting and diluting the clear supernatant 1:10 

(v/v) before immunoassay.  Lipocalin (LCN-2) was measured using DuoSet® mouse 

LCN-2/NGAL ELISA Development kit (R&D Systems, Minneapolis, MN: Catalogue 

Number DY1857).  Manufacturers’ protocol was followed using half the suggested 

volume for each reagent and sample.(29) 

 

4.2.6 Tissue Cytokines 

 Ileum, cecum, and colon were excised and flushed well with ice-cold 1X PBS and 

gentamicin (50µ/mL).  A piece 1.5-2.0 cm long for the ileum, cecum, and colon were cut 

into small pieces and placed in a two mL centrifuge tube for protein extraction and 

analysis.  Tubes were pre-weighed such that wet tissue and dry tissue weight were 

http://www.unitconversion.org/


121 

 

available for normalization.  To prepare samples for the Meso Scale Discovery ©, tissue 

was suspended in five times the tissue weight of 1X PBS, 0.05% Tween-20, 10% Bovine 

Serum Albumin (BSA) and 1µL/mL of protease inhibitor (Sigma P-P8340).  Samples 

were sonicated for 20 seconds in two 10 second intervals at intensity level 3 (Fisher 

Scientific© Sonic Dismembrator Model 100).  All samples were then centrifuged at 

10,000g for 10 minutes and 4ºC to pellet the cell debris, collecting the supernatant.  

Serum, cecum, and small intestine samples were loaded onto a pro-inflammatory Panel 1 

(mouse) Kit (MSD®: Catalogue Number V-PLEX™ K15048D) to assess the 

concentration of IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL12p70, and 

TNF-α.  Values are represented in units of a microgram of cytokine protein to a 

milligram of dry tissue weight (µg/mg). 

 

4.2.7 Histology 

Colon, small intestine, and cecum were taken from the mice at sacrifice and 

washed with ice-cold 1X PBS and gentamycin (50µL/mL).  Once void of fecal matter, 

the length of the colon and small intestine were measured, and tissue samples were 

dabbed dry before weighing.  At sacrifice, 1.5-2.0 centimeter sections of the colon, ileum, 

and cecum from each mouse were fixed in 10% formalin.  The samples were processed in 

a ©Leica TP1020 (Leica Microsystems, Ballerup, Denmark)  histo-processor overnight, 

embedded in paraffin blocks using a Histostar™  Histocenter (Thermo Fischer Scientific, 

Waltham, Massachusetts).  They were then sectioned at a thickness of 3 µM in a 

microtome followed by tissue staining with Hematoxylin and Eosin (H&E stain).  

Histological assessment was performed by a blinded pathologist (Dr. Aducio Thiessen, 
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University of Alberta) using a histological score ranging from 0 to 10 (Table 4-1).  The 

severity of intestinal inflammation was graded taking into account enterocyte injury (0-

3), epithelial hyperplasia (0-3), lamina propria – lymphocytes (0-2), and lamina propria – 

neutrophils (0-2).  The grading scheme was based on  criteria developed by Berg and 

colleagues and similar to that used by Madsen et al.(25, 30) 
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Table 4-1. Grading Scheme for Histology Scores. 

Total Histology Score Score 

Enterocyte Injury  

Normal 0 

Mild 1 

Moderate 2 

Severe 3 

Epithelial Hyperplasia  

Normal 0 

Mild 1 

Moderate 2 

Pseudopolyps 3 

Lamina propria lymphocyte infiltrate  

Normal 0 

Slightly increased 1 

Markedly increased 2 

Lamina Propria neutrophil infiltrate  

Normal 0 

Slightly increased 1 

Markedly increased 2 

Minimal injury, 0; maximal injury 10. 
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4.2.8 Statistical Analysis 

All data provided are given as mean ± standard error.  Shapiro-Wilk test was used 

to define if data were normally distributed.  Non-parametric tests were used to determine 

statistical differences when data was not normally distributed.  Multiple comparisons 

using repeated measures analysis of variance (ANOVA) using Dunnett’s multiple 

comparison tests for all data-over-time, with the comparison being to the respective 

cohorts’ baseline values. Partial least squares-discriminant analyses (PLS-DA) were 

performed on log-transformed abundance values using web-based data processing tool 

MetaboAnalyst 3.0 (with 95% CI).(31)  In MetaboAnalyst, statistical computing and 

visualization operations are performed using functions from the R and Bioconductor 

packages.(32)  PLS-DA is used to maximize class differentiation using a supervised 

statistical method.  A 1000 permutation test was performed to determine the significance 

of the models.  A permutation test evaluates whether the specific classification of the 

samples in the designed groups is significantly better than any other random 

classification.(33)  This occurs by first performing the permutation on the classes, then 

randomly assigning samples with the ‘wrong’ labels, and performing the permutation test 

again.  The idea is that with the wrong class labels, the newly calculated classification 

model should not be able to predict the classes very well.  The fewer samples it can 

correctly classify, the greater the differences are between the classes being compared, and 

giving us a p-value.(34)  The similarity of microbial samples to the donor FMT slurry 

microbial composition was also compared by calculating the Jaccard Index.  For all tests 

a p-value <0.05 was considered statistically significant. 
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4.3 Results 

 

4.3.1 Physical Features 

The average starting weight of the IL-10 -/- mice before the study began was 25.2 

± 0.4 grams.  Over the course of the study, all mice gained weight from their baseline, 

with a significantly higher weight at sacrifice (p-value <0.0001; Figure 4-2A).  Mice in 

the combined bowel prep/antibiotic + FMT cohort had a significant increase in body 

weight just three days following FMT (D7, p < 0.05), and had the most significant weight 

increase on days 10 and 17.  The colon weight to length ratio (g/cm) was elevated in both 

cohorts that received antibiotics, the antibiotics + FMT, and the bowel prep/antibiotics + 

FMT cohorts, whereas the other two cohorts had a lower ratio (Figure 4-2B).  There 

were no observable trends in the terminal ileum or jejunum weight to length ratio’s 

(Figure S4-5). 

   

4.3.2 Histology 

 The average total histology score for the colon was highest in the antibiotics + 

FMT cohort, followed by the bowel prep/antibiotics + FMT cohort, with it being the 

lowest in the FMT-only cohort (Figure 4-3).  A significant difference in the histology 

scores was detected between the antibiotics + FMT and the FMT-only cohort (p-value < 

0.05).    No epithelial hyperplasia was detected in the colonic histology samples from any 

mice.  Histologic assessment of the terminal ileum of the small intestine showed no 

detection of inflammation where all mice received a histology score of zero.   
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Figure 4-2. Physical features of IL-10 -/- mice.  (A) Body weight of all mice relative to 

their starting weight.  (B) Colon weight to length ratio taken at sacrifice (mg/cm).  Black 

= FMT only (n=5); Grey = bowel preparation + FMT (n=5); Red = antibiotics + FMT 

(n=5); and Blue = bowel prep/antibiotics + FMT (n=5).  (p-values calculated using 

repeated measures ANOVA/Dunnett’s multiple comparison test comparing each time-

point to the respective cohorts baseline value; **** p < 0.0001; *** p < 0.001; ** p < 

0.01; * p < 0.05) 
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Figure 4-3. Histology scores from IL-10 -/- mice at the end of the study.  Ranging from 0 to 10, grading the severity of intestinal 

inflammation, taking into account Enterocyte injury (0-3), Epithelial hyperplasia (0-3), Lamina propria – lymphocytes (0-2), and 

Lamina propria – Neutrophils (0-2), which was based on criteria developed by Berg and colleagues.(30) No epithelial hyperplasia was 

detected in histology samples from any of the mice.  Histology scores were worst in cohorts that received antibiotics pre-FMT.  Black 

= FMT-only (n=5); Grey = bowel preparation + FMT (n=5); Red = antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + 

FMT (n=5). (* p < 0.05 compared to the FMT-only cohort measured using Kruskal-Wallis test) 
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4.3.3 Cytokine Analysis 

 Activation of neutrophils locally in the gut when exposed to bacterial antigens 

results in the release of lipocalin from granules, where it can enter the gastrointestinal 

lumen.  Therefore, it can be used as a surrogate marker of gastrointestinal inflammation 

associated with bacterial defense.  Stool lipocalin (LCN-2) was measured at baseline (day 

0), after pre-FMT treatment (day 4), three days after FMT (day 7) and 31 days after FMT 

(day 35) in all four cohorts (Figure 4-4).  LCN-2 levels were quite variable at baseline, 

ranging from 52.5 ± 8.3 ng/g stool in the FMT-only cohort to 256.2 ± 62.3 ng/g stool in 

the Bowel prep/antibiotics + FMT cohort (p-value < 0.05 using student t-test; not shown).  

Mean LCN-2 levels were higher at the end of the study than the mean baseline values in 

all four cohorts, suggesting a progression of colitis regardless of the treatment regimen.  

However, the increase in stool lipocalin for the bowel prep/antibiotics + FMT cohort had 

the smallest increase in concentration from baseline to the end of the study ( 256.2 ± 62.3 

ng/g stool to 275.3 ± 37.6 ng/ g stool).  The relative increase in LCN-2 was lowest in the 

bowel prep/antibiotics + FMT cohort while the antibiotics + FMT cohort at the end of the 

study was the only time point with a significant increase (p < 0.05; repeated measures 

ANOVA/Dunnett’s multiple comparison tests) as compared to baseline values.  Also, 

three of the four cohorts had an increase in mean LCN-2 from day 7 to day 35, while the 

bowel prep/antibiotics + FMT cohort was the only cohort that had a reduction.  There is 

larger variability in the LCN-2 levels following the antibiotic only treatment at day four 

while bowel preparation and the bowel prep/antibiotics treatment appeared to have no 

short term effect on LCN-2 levels.  Variability in the baseline LCN-2 levels between the 
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different cohorts may have been due to poor separation of mice from the same litter into 

separate treatment cohorts (Figure S4-3).  

 

The cytokines IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL12p70, 

and TNF-α, were measured in cecum, terminal ileum and serum samples collected at 

sacrifice (IFN: interferon; IL: interleukin; KC/GRO: a.k.a. CXCL1 TNF: tumour necrosis 

factor; Appendix 4).  IL-1β was significantly increased in the cecal tissue of the 

antibiotics + FMT cohort (596 ± 97 µg/mg) in comparison to the FMT-only cohort (175 ± 

14 µg/mg; 4-5A; p < 0.05).  The bowel prep + FMT cohort had significantly increased 

levels of IFN-γ (120 ± 31 µg/mg versus 55 ± 33 µg/mg;4-5B), KC/GRO (226 ± 20 µg/mg 

versus 180 ± 58 µg/mg;4-5C), and TNF-α (127 ± 11 µg/mg versus 100 ± 14 µg/mg;4-

5D) in the cecum (p < 0.05) only when compared to the FMT-only cohort which 

consistently had the lowest concentration of cytokines in the cecal tissue (Figure 4-5).  In 

tissue samples from the terminal ileum and serum samples, there were no significant 

differences in cytokine concentrations between the four cohorts and levels were 

consistently lower in both sample types than in the cecal tissues (Appendix 4). 
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Figure 4-4. Stool lipocalin-2 (LCN-2) concentrations.  Measured using enzyme-linked 

immunosorbent assay (ELISA) at baseline (day 0), after pre-FMT treatment (day 4), 3 

days after FMT (day 7) and 31 days after FMT (day 35) in all four cohorts.  Black = FMT 

only (n=5); Grey = bowel preparation + FMT (n=5); Red = antibiotics + FMT (n=5); and 

Blue = bowel prep/antibiotics + FMT (n=5). (* p-value < 0.05 measured using repeated 

measures ANOVA/Dunnett’s multiple comparison test) 
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Figure 4-5.  Cytokine concentration in cecal tissue from IL-10 -/- mice in 

micrograms per milligram of dry tissue weight.  (A) IL-1β; (B) IFN-γ; (C) KC/GRO; 

and (D)TNF-α.  Black = FMT only (n=5); Grey = bowel preparation + FMT (n=5); Red = 

antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + FMT (n=4). (* p-value < 

0.05; measured using Kruskal-Wallis test) 
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4.3.4 Microbial Composition 

The microbial composition was analyzed using quantitative real-time PCR and 

16S rRNA sequencing of the pooled donors sample and mice in the four cohorts at 

baseline (day 0), after treatment (day 4), three days after FMT (day 7) and 31 days after 

FMT (day 35).  For complete 16S rRNA sequencing results at all taxonomic levels, for 

each mouse at each time point, please refer to Appendix 3.   By pooling together the 

stool from 15 different 129S1/SvlmJ mice from our colony, we expected the slurry to 

have a more diverse composition of microbes compared to the IL-10 -/- mice.  Alpha-

diversity (Shannon-Wiener diversity index) showed that at baseline, the pooled FMT 

sample from the healthy wild-type mice had a greater alpha-diversity (2.31) than the 

baseline average values of the mice in all four cohorts, which ranged from (1.96 ± 0.05 to 

2.25 ± 0.05) (Figure 4-6A).  None of the treatments had a negative impact on the alpha-

diversity, where the bowel prep/antibiotics cohort had a statistically significant increase 

from baseline in alpha-diversity on day 4 (p < 0.0001).  As expected, the cohort that did 

not receive any pre-FMT treatment regimen had no change in alpha diversity from day 0 

to day 4.  At the end of the study, the bowel prep/antibiotics + FMT, and the bowel prep 

+ FMT cohorts had a significant increase in alpha diversity in comparison to their 

baseline values (p < 0.001 & p < 0.01 respectively).  The two cohorts that received 

antibiotics in their pre-FMT treatment regimen showed a significant reduction in 

microbial richness (number of OTUs) at day 4 (Abx + FMT: p < 0.01; Combo + FMT: p 

< 0.001) while bowel preparation alone did not have an effect on richness (Figure 4-6B).  

Although our measure of alpha-diversity in the donor FMT slurry was higher than 

baseline values for all the IL-10 -/- mice, the number of operational taxonomic units 
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(OTUs) detected in the FMT slurry was much lower than the mean values of all cohorts 

at each time-point, even following antibiotic treatment.  Following FMT, the two 

antibiotic pre-FMT cohorts had an increase in richness, but not to levels surpassing their 

baseline values while the FMT-only cohort had the largest increase in the number of 

OTU’s (468 ± 25 OTUs versus 546 ± 14 OTUs), although the increase was not 

statistically significant.  Bacterial load as determined by the copy number of 16S rRNA 

genes per gram of stool was only slightly reduced by the antibiotic pre-FMT treatment 

regimens, whereas bowel preparation alone had little effect (Figure 6C).  Copy number 

had a lot of variability at baseline and the only statistically significant increase in copy 

number was in the antibiotics + FMT cohort on day 7 (p < 0.01), which then saw a drastic 

decrease in bacterial load from day 7 to day 35.  The bowel prep + FMT cohort also saw 

a decrease in bacterial load, but this occurred in the three days following FMT.  In 

contrast, the bacterial load of the bowel prep/antibiotics + FMT decreased following 

antibiotic treatment and increased slightly above baseline following FMT.  The single 

cohort that appeared to have a substantial net positive increase in 16S rRNA copy number 

per gram of stool was the FMT-only cohort, although this change was not statistically 

significant.   
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Figure 4-6. Characteristics of the gut microbiome determined by 16S sequencing 

and quantitative real-time polymerase chain reaction (PCR) of the 16S rRNA gene.  
(A) Alpha-diversity (Shannon-Wiener index), (B) bacterial richness determined by the 

number of different operational taxonomic units (97% similarity) and (C) the 16S rRNA 

gene copy number per gram of stool. Black = FMT only (n=5); Grey = bowel preparation 

+ FMT (n=5); Red = antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + FMT 

(n=5).  Dotted line represents the donor FMT slurry.  (p-values calculated using repeated 

measures ANOVA/Dunnett’s multiple comparison test comparing each time-point to the 

respective cohorts’s baseline value; **** p < 0.0001; *** p < 0.001; ** p < 0.01) 
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16S rRNA sequencing data showed that the gut microbiota of our IL-10 -/- mice 

contained a bowel prep/antibiotics of six different phyla, although dominated by 

Bacteroidetes (mean 56.6%) and Firmicutes (mean 39.4%), and a minute amount of 

Proteobacteria (mean 1.09%) (Appendix 3).  The six bacterial families who experienced 

the most significant changes in abundance (% total reads) in the microbiome as a result 

pre-FMT treatment regimens and FMT were Porphyromonadaceae, 

Verrucomicrobiaceae, an undefined member of the RF32 order, S24-7, Clostridiaceae, 

and Ruminococcaceae (Figure 4-7).   Porphyromonadaceae, which consisted of 14.6% 

of the total reads of in the donor FMT slurry, increased significantly (p < 0.0001) 

following both pre-FMT treatment regimens that included antibiotics to levels close to 

those detected in the donors.  However, this was not maintained following FMT, with 

only a small amount remaining on days 7 and 35, although at levels higher than the other 

two cohorts, and their baseline (Figure 4-7A).  Verrucomicrobiaceae abundance only 

increased in the bowel prep/antibiotics cohort following treatment, but increased in both 

groups that received pre-FMT antibiotics following the FMT to levels observed in the 

donor FMT slurry (Figure 4-7B; 0.06).   Engraftment of Verrucomicrobiaceae was 

significant in the bowel prep/antibiotics + FMT (p < 0.0001) and the antibiotics + FMT 

(p < 0.01) cohorts three days following FMT, however, on day 35 the levels were 

following a negative trend back towards baseline values.  The abundance of the 

undefined member of the order RF32 was increased following bowel prep/antibiotics pre-

FMT treatment (p < 0.0001), and following antibiotic treatment alone (Figure 4-7C).  

The proportion of total reads from this bacteria family increased further following the 

FMT (p < 0.01), even though it consisted of a minor proportion of reads (0.01) in the 
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donor FMT.  S24-7, a member of the phylum Bacteroidetes, saw a reduction in 

abundance from baseline to day 4, but the greatest reduction was the result of bowel 

prep/antibiotics pre-FMT treatment (p < 0.01).  A decrease at day 35 in the FMT-only (p 

< 0.01) and bowel prep + FMT (p < 0.05), and the bowel prep/antibiotics + FMT cohorts, 

towards the proportion detected in the donor FMT sample was also observed (Figure 4-

7D).   The relative abundance of Clostridiaceae is reduced following both antibiotic 

containing pre-FMT treatments while the abundance following FMT does not change 

significantly for three of the four cohorts (Figure 4-7E).  On both days 7 and day 35, the 

FMT-only cohort has a significant increase from baseline of this bacterial family, even 

though abundance in the donor FMT slurry is quite low (p < 0.05). The relative 

abundance of Ruminococcaceae is also very low in the donor FMT slurry, however, 

despite this, an increase in relative abundance in this family occurs at day 7 in the FMT 

only cohort (p < 0.01) and the antibiotics + FMT cohort (Figure 4-7F).  Both cohorts 

experience a decrease in relative abundance from day 7 to day 35, although the FMT only 

cohort still has a net increase in this bacterial family over the course of the study.  With 

these changes in the bacterial families, the ratio of two paramount phyla of bacteria 

changed to different extents in each of the cohorts.  
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Figure 4-7. The proportion of total reads of the six bacterial families with the most 

significant changes determined using 16S rRNA sequencing. Black = FMT only 

(n=5); Grey = bowel preparation + FMT (n=5); Red = antibiotics + FMT (n=5); and Blue 

= bowel prep/antibiotics + FMT (n=5).  Dotted line represents the proportion of reads in 

the donor FMT slurry. (**** p < 0.0001; ** p < 0.01; * p < 0.05; measured using two-

way ANOVA/Dunnett’s multiple comparison test comparing each time-point to the 

respective cohort’s baseline value) 
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The relative ratio of Firmicutes: Bacteroidetes had a net increase in all four 

cohorts even though the ratio in the donor FMT slurry was relatively low (Figure 4-8; 

0.66).  The FMT-only had the largest increase in this ratio, with the mean peaking at 1.45 

on day 7, and staying very high (1.40) at day 35 (p < 0.001 for both time points in 

comparison to baseline).  A significant increase (p < 0.05) was also observed in this ratio 

on day 7 for the bowel prep + FMT cohort on day 7. However, this was no longer 

observed on day 35.  The bowel prep/antibiotics + FMT cohort, although the increases 

were not significant, had an increase in the Firmicutes: Bacteroidetes ratio on day 7 and a 

further increase detected on day 35 (1.30). 

 

At baseline, the IL-10 -/- mice had on average 57% similarity in microbial 

composition using the Jaccard similarity index (genus level), although there was 

variability between the different cohorts (range: 53.5 ± 0.01% in the FMT only cohort to 

59.1 ± 0.01% in the bowel prep/antibiotics + FMT cohort; Figure 4-9).  Antibiotics 

lowered the Jaccard index in the antibiotics + FMT, and bowel prep/antibiotics + FMT 

cohorts, although these changes were not significant.  Three days following FMT, the 

Jaccard similarity in the antibiotics + FMT cohort increased to 0.67 ± 0.01 (p < 0.01), 

although this effect was transient and the value returned towards its baseline value.  

Although not significant, the bowel prep/antibiotics + FMT cohort also saw an increase 

on day seven to 0.64 ± 0.01, which was also maintained four weeks following the FMT 

procedure, with a value of 0.63 ± 0.06, although the considerable variability in the values 

of this cohort led to it not being significant.  The only cohort with a significant increase in 
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similarity to the donor FMT slurry at sacrifice was the FMT only cohort which had a net 

increase in the Jaccard index of only 6.47% (p < 0.05). 

 

Partial least squares - discriminant analysis (PLS-DA) showed that the baseline 

microbial composition of all cohorts was significantly different at the taxonomic level of 

genera (p = 0.012) before any pre-FMT treatment or the FMT procedure (Figure 4-10).  

The microbial composition clustered separately following the various treatments at day 4 

(p < 0.001), where the two cohorts receiving antibiotics grouped separately from the 

other two cohorts, and the bowel preparation pre-FMT treatment regimen caused them to 

cluster separately from those that received no pre-FMT treatment.  Three days following 

the FMT procedure on day 7, there were significant differences in the microbial 

composition of the four cohorts (p = 0.007). Four weeks following FMT (day 35), the 

microbial composition was most similar between all groups than any other time point and 

showed a non-significant p- value (Figure 4-10; p = 0.946).  Although changes in the 

microbial composition were observed, and the Jaccard similarity index increased 

significantly in some cohorts, the IL-10 -/- mice did not cluster with the donor FMT 

slurry at any time point (Figure S4-1). 

 

 

 

 

 

 



142 

 

 

 

 

 

 

 

Figure 4-8. The relative ratio of the phyla Fermicutes to Bacteroidetes determined 

from 16S rRNA sequencing. Black = FMT only (n=5); Grey = bowel preparation + 

FMT (n=5); Red = antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + FMT 

(n=5).  The table below shows the absolute values at each time point for each cohort. 

(*** p < 0.001; * p < 0.05; measured using two-way ANOVA/Dunnett’s multiple 

comparison test comparing each time-point to the respective mouse’s baseline value) 
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Figure 4-9. Jaccard similarity index measured by comparing the microbial profile of 

individual samples to the donor FMT slurry at the genus level. Black = FMT only 

(n=5); Grey = bowel preparation + FMT (n=5); Red = antibiotics + FMT (n=5); and Blue 

= bowel prep/antibiotics + FMT (n=5). (** p-value < 0.01; * p-value < 0.05; measured 

using two-way ANOVA/Dunnett’s multiple comparison test comparing each time-point 

to the respective mouse’s baseline value) 
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Significant changes in the microbial composition from treatment and the FMT 

procedure are observed in the antibiotics + FMT (p < 0.029) and the bowel 

prep/antibiotics + FMT cohort (p = 0.002), but not in the FMT-only (p = 0.207) and 

bowel prep + FMT (p = 0.109) cohorts (Figure 4-11).  Directional changes in the 

microbial composition towards the donor FMT slurry sample in the antibiotics + FMT, 

and the bowel prep/antibiotics + FMT cohorts can be observed in Figure S4-2, although 

all samples still cluster very distinctly from the donors.  The antibiotic pre-FMT 

treatment regimens appear to move the cluster in the opposite direction than the FMT 

moves the cluster along component 2 (Figures 11 & S2).  Although changes in microbial 

composition are observed following antibiotics, bowel preparation, a bowel 

prep/antibiotics and FMT, these changes are minimal, and the donor FMT slurry still has 

a very different microbial composition than any of the IL-10 -/- mice following treatment. 
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Figure 4-10. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of mice at all four time-points made using MetaboAnalyst 3.0 (with 95% 

CI). Red = FMT only (n=5); Green = bowel preparation + FMT (n=5); Blue = antibiotics 

+ FMT (n=5); and Teal = bowel prep/antibiotics + FMT (n=5). P-values were calculated 

using the provided permutation test consisting of 1000 permutations. 
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Figure 4-11. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of mice separated by cohort made using MetaboAnalyst 3.0 (with 95% CI). 

Red = baseline (Day 0; n=5); Green = after treatment (Day 4; n=5); Blue = 3 days 

following FMT (Day 7; n=5); and Teal = 4 weeks following FMT (Day 35; n=5).  P-

values were calculated using the provided permutation test consisting of 1000 

permutations. 
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Using phylogenetic investigation of communities by reconstruction of unobserved 

states (PICRUSt) we were able to determine changes in the predicted functional content 

of the microbiota from the 16S rRNA marker gene (LDA log 10; p-value < 0.05).  

Following the three-day treatment period, there were very minute changes in the 

functional capacity in the FMT-only cohort, few variations in the antibiotics and bowel 

prep/antibiotics cohorts, and to our surprise the largest number of changes in the bowel 

preparation cohort (Figure S4-4).  The changes observed three days following FMT were 

nearly identical to the changes following treatment (Figure 4-12B), which appeared to 

predominately increase bacterial movement pathway processes, and a reduction in energy 

metabolism.  Similar functional pathways were altered three days following FMT in the 

FMT-only cohort, including reduced co-factor and vitamin metabolism, whereas the two 

cohorts with antibiotic pre-FMT treatment saw a marked increase in this functional 

capacity of the microbiota (Figure 4-12).  The bowel prep/antibiotics + FMT cohort also 

showed an increase in essential amino acid (valine, leucine, and isoleucine), unsaturated 

fatty acid, and fatty acid biosynthesis, as well as lipid, fructose, and mannose metabolism 

(Figure 4-12D).  Four weeks following FMT, the FMT-only, and the bowel preparation 

+ FMT cohorts maintained few functional changes, and modifications predominately 

belonged to intracellular bacterial processes (Figure 4-13 A & B).  For the antibiotics + 

FMT cohort, very few functional changes remained, and the only potentially positive 

change for the host was increased lipid metabolism (Figure 4-13C).  In contrast to the 

other cohorts, the bowel prep/antibiotics + FMT still had several positive changes 

remaining four weeks following FMT, including unsaturated fatty acid synthesis, alpha-

linolenic acid metabolism, and N-glycan biosynthesis (Figure 4-13D). 
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Figure 4-12. Linear Discriminant Analysis of PICRUSt results comparing the 

baseline composition to three days following FMT in each of the four cohorts.  Using 

phylogenetic investigation of communities by reconstruction of unobserved states 

(PICRUSt) we were able to determine changes in the predicted functional content of the 

microbiota from the 16S rRNA marker gene comparing baseline (Red; Day 0) taxonomic 

composition to taxonomic composition three days after FMT (Green; Day 7). (P-value < 

0.05 using Kruskal-Wallis test) 
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Figure 4-13. Linear Discriminant Analysis of PICRUSt results comparing the 

baseline composition to four weeks following FMT in each of the four cohorts.  

Using phylogenetic investigation of communities by reconstruction of unobserved states 

(PICRUSt) we were able to determine changes in the predicted functional content of the 

microbiota from the 16S rRNA marker gene comparing baseline (Red; Day 0) taxonomic 

composition to taxonomic composition 31 days after FMT (Green; Day 35). (P-value < 

0.05 using Kruskal-Wallis test) 
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4.4 Discussion 

 

  

The primary goal of this study was to determine if we could prevent the 

development of colitis in IL-10 -/- mice using fecal microbial transplantation, and to see 

if through altering the pre-FMT treatment regimen, we could enhance its therapeutic 

potential.  It has been established that mice lacking the IL-10 gene have inhibited growth 

(19), so our first measure of the differing development of disease was body weight.  The 

bowel prep/antibiotics + FMT cohort showed the first signs of a significant increase in 

body weight, while all four cohorts at the end of the study, four weeks later, had 

significantly higher body mass than at the start of the study.  Madsen et al. showed that at 

16 weeks of age IL-10 -/- mouse weight plateaus near 20 grams, whereas the average 

weight of our four cohorts at 14 weeks of age was 30.4 ± 0.4 grams.(20)  This finding 

suggests that none of our mice were growth retarded; however, sacrifice at 14 weeks may 

have been before any marked differences could have been observed.   

 

LCN-2 production is part of the innate immune response induced through the 

activation of Toll-like receptors (TLRs) by bacterial antigens on neutrophils.  As 

neutrophils infiltrate areas of epithelial damage, secreted proteins, such as LCN-2 can 

enter the gastrointestinal lumen, and therefore can be used as a biochemical marker of 

inflammatory disease.(35)  However, there was a significant difference in the stool LCN-

2 levels at baseline between the bowel prep/antibiotics + FMT cohort and the FMT-only 

cohort.  This variability may have been the result of poor separation mice from the same 

litter into the various treatment cohorts, where it appears the onset/degree of colitis was 

more similar between littermates than non-littermates at the start of the study (Figure S4-
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3).  Therefore, a possible approach for future studies may be to separate mice into 

different cohorts based on stool LCN-2 concentrations to reduce the effect of the variable 

onset of colitis in IL-10 -/- mice.  Lastly, from day 7 to day 35, the bowel prep/antibiotics 

+ FMT cohort was the lone cohort to have a reduction in stool LCN-2, nearing the levels 

detected at baseline, suggesting a long-term positive effect of the bowel prep/antibiotics 

treatment + FMT on colitis.  The colon weight to length ratio (g/cm) was elevated in both 

cohorts that received antibiotics in their pre-FMT treatment regimen.  This correlated 

with the highest total colonic histology score in the antibiotics + FMT cohort, followed 

by the bowel prep/antibiotics + FMT cohort, the bowel preparation + FMT cohort, and 

lastly the FMT-only cohort that showed very minimal signs of inflammation. These 

results suggest that pre-FMT treatment of IL-10 -/- mice with antibiotics results in a 

worse disease outcome, while FMT alone, or preceded with a standard polyethylene 

glycol bowel preparation was sufficient to attenuate the development of colitis in this 

model.  

 

The cytokines measured in cecum, terminal ileum and serum from samples 

collected at sacrifice give us a snapshot of the gastrointestinal and systemic immune 

system at the time of sacrifice.  The bowel prep + FMT cohort had the highest 

concentrations of IFN-γ and TNF-α in the cecum, cytokines that are known to modify 

epithelial barrier function and are implicated in IBD.(36)  These findings could suggest a 

possible explanation for the increasing levels of LCN-2 detected in this cohort from day 7 

to day 35, whereby the development of a leaky gut results in increased localization of 

neutrophils and passage of neutrophils through the epithelial barrier, resulting in 
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enhanced immune cell activation and increased levels of luminal LCN-2.  Also, higher 

concentrations of IFN-γ and TNF-α in the antibiotics + FMT and the bowel 

prep/antibiotics + FMT cohorts could also contribute to the higher levels of LCN-2 and 

worse histology scores.  The FMT-only cohort had minute amounts of IFN-γ, and the 

lowest levels of TNF-α, which might explain the lower LCN-2 concentrations in this 

group.  These two cytokines have a stronger synergistic effect on the epithelial barrier 

(37), therefore, having reduced levels of one of the two cytokines may slow the 

development of colitis.  Although concentrations were not extremely high, the antibiotics 

+ FMT cohort also had the highest levels of Interleukin-6, which has also been previously 

shown to be associated with intestinal barrier dysfunction due to the reduction of the zona 

occluding protein (ZO-1), allowing increased bacterial translocation across the epithelial 

barrier.(38)  In conjunction with increased levels of IFN-γ and TNF-α, this could explain 

the increased inflammation detected in this cohort.  Increased intestinal permeability has 

been indicated in early disease development of inflammatory bowel disease, in particular, 

Crohn’s diseases.  These findings suggest that FMT can enhance or prevent a reduction in 

intestinal permeability, and therefore, be a valuable therapeutic for the disease.  IL-1β, 

another colitis associated cytokine was significantly increased in the cecal tissue of the 

antibiotics + FMT.  Research on dextran sodium sulfate (DSS) induced colitis in mice 

revealed that IL-6, IL-1, and IFN-γ transcripts were significantly reduced following serial 

FMT, providing further support for enhanced epithelial barrier function following 

FMT.(39)  IFN-γ and TNF-α were also previously shown to negatively correlate with 

inflammation when IL-10 -/- were given an inhibitor of tight junction opening.(40)  

Further evidence of the role that bacteria play in this process came from the study on the 
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probiotic VSL #3, which also resulted in reduced colonic IFN-γ and TNF-α 

concentrations and histology scores.(41)  In tissue samples from the terminal ileum, no 

significant histological abnormality was detected, and cytokine levels were much lower 

than in the cecal tissues (Appendix 4), demonstrating that FMT does not result in any 

inflammation of the small intestine.  Low serum cytokine levels (Appendix 4) suggest 

that there is no prolonged systemic response to FMT.  Differences in disease activity, 

body weight, and cytokine concentrations suggest that by altering the pre-FMT treatment 

regimen, we can change the therapeutic effect of FMT on the spontaneous colitis 

developed by IL-10 -/- mice.  To our surprise, the lack of a pre-FMT treatment regimen, 

avoiding the use of bowel preparation or antibiotics, results in the best outcome on 

disease activity.          

 

By pooling together the stool from 15 different 129S1/SvlmJ mice from our 

colony, we expected the FMT slurry to have a more diverse composition of microbes, 

greater richness, and bacterial load.  Alpha-diversity (Shannon-Wiener diversity index) 

showed the pooled FMT sample from the healthy wild-type mice had a greater diversity, 

a bacterial load around the average of the IL-10 -/- cohorts, but a much lower richness 

(number of OTUs).  This could have been the result of the FMT processing procedure 

and the loss of certain bacteria as the stool was processed into its slurry form.  The 

antibiotic solution had the most significant impact on alpha-diversity, richness, and copy 

number, consistent with the findings of previous studies.(15-17)  In contrast, the bowel 

preparation did not decrease bacterial load or diversity as previously shown (13, 14), 

although, it is possible that the consumption was not equivalent to the amount 
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recommended for humans, as the mice were still passing colored diarrhea following 

treatment.  Enhanced diversity at the end of the study was only observed in the bowel 

prep/antibiotics + FMT cohort, suggesting that emptying the gut of both mucosal 

associated and luminal bacteria may be necessary for enhanced engraftment of new 

bacteria.  Attenuated development of colitis observed in IL-10 -/- mice in specific 

pathogen free, germ-free, and following antibiotics may be an explanation for the low 

disease activity at the end of the study in the FMT-only cohort due to the much lower 

bacterial load at the start of the study.  Furthermore, this could offer an explanation for 

the high disease activity in the antibiotics + FMT cohort which experienced a significant 

increase in bacterial load three days following FMT. 

 

The notion behind the use of FMTs as a treatment for IBD comes from the known 

association between the disease and gut microbial dysbiosis (42-44).  The six bacterial 

families which experienced the most substantial changes in abundance (% total reads) in 

the microbiome as a result of pre-FMT treatment regimens and FMT were 

Porphyromonadaceae,  Verrucomicrobiaceae, an undefined member of the RF32 order, 

S24-7, Clostridiaceae, and Ruminococcaceae.   A reduction in the family 

Porphyromonadaceae was shown to increase susceptibility to Clostridium difficile 

infection in mice, and to increase the number of tumours in a colorectal cancer model, 

while enrichment leads to resistance against Salmonella-induced colitis, signifying its 

role in gastrointestinal health.(45-47)  An increased proportion of reads belonging to this 

family in the antibiotic and bowel prep/antibiotics cohorts following FMT may suggest a 

positive effect resulting from the pre-treatment regimen although this did not correlate 
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with reduced inflammation.  Counter-intuitively, S24-7, a member of the phylum 

Bacteroidetes, was reduced at day 35 in the FMT-only, bowel prep + FMT, and the bowel 

prep/antibiotics + FMT cohorts, towards the proportion detected in the donor FMT 

sample.  Although Bateroidetes are critical for gastrointestinal health, their reduced 

abundance following FMT may have allowed for the expansion of other bacteria essential 

to host health, whereby the Bacteroides accepted a smaller (realized) niche to allow for 

the colonization of an important commensal bacteria.  Alternatively, Clostridiaceae has 

been both positively and negatively associated with Crohn’s disease, (48, 49) while in our 

study, a significant increase in Clostridiaceae was only observed in the FMT-only cohort, 

which had little to no observed inflammation.   

 

The ratio of two important phyla, the Firmicutes, and Bacteroidetes change over 

the course of life, being the highest in adulthood.(50)  This ratio has also been shown to 

be significantly higher in healthy subjects versus patients with IBD in remission, and 

patients with active IBD having the smallest ratio.(51)  The ratio of Firmicutes: 

Bacteroidetes had a net increase in all four cohorts with the largest increase again 

occurring in the FMT-only cohort while the bowel prep/antibiotics + FMT cohort showed 

a continually upward trend after being reduced by the pre-FMT treatment regimen.  It 

must be taken into account that these changes in the microbial composition, in our study 

and the current literature, are correlations and do not necessitate causality.  It is therefore 

important for more precise relationships between the microbiota and health or disease be 

investigated.     
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At baseline, the IL-10 -/- mice had on average 57% similarity in microbial 

composition to the healthy wild-type donors at the level of genera (Jaccard similarity 

index).  Antibiotics before FMT was essential for enhanced similarity to the donor three 

days after the procedure, however in mice that did not also receive a bowel lavage 

(antibiotics + FMT), the similarity was only transient.  The bowel prep/antibiotics + FMT 

had the highest mean similarity to the donor. However, the only cohort with increased 

long-term similarity was the FMT-only cohort, which only had a net increase of 6.47% (p 

< 0.05).  Damman and colleagues showed that the patient with the highest percent 

engraftment of the donor microbiota had the best outcome, although engraftment was 

transient and did not last longer than one month.(52)  These findings, in congruence with 

our own, suggest that engraftment of the donor microbiota may correlate with efficacy of 

FMT.   

 

 

PICRUSt is a commonly used approach to predict the functional content of the 

microbiota from the 16S rRNA marker gene.  Only small changes were observed when 

comparing the microbial functional capacity before and after treatment in all four cohorts, 

which were dominated by intracellular bacterial pathways specific to survival and 

motility.  Similar functional pathways were altered three days following FMT in the 

FMT-only and bowel prep + FMT cohorts, although, reduced glycan, amino acid, 

cofactor and vitamin metabolism were observed.  In the two cohorts with antibiotic pre-

FMT treatment, we observed a marked increase in this functional capacity of the 

microbiota.  The bowel prep/antibiotics + FMT cohort showed an increase in essential 

amino acid (valine, leucine, and isoleucine), unsaturated fatty acid, and fatty acid 
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biosynthesis, as well as lipid, fructose, and mannose metabolism.  In contrast to the other 

cohorts, the bowel prep/antibiotics + FMT still had several positive changes remaining 

four weeks following FMT, including unsaturated fatty acid synthesis, alpha-linolenic 

acid metabolism, and N-glycan biosynthesis.  Predicted functional capacity appears to 

change most significantly in the cohorts that received antibiotic pre-FMT, with the 

longer-lasting changes in the bowel prep/antibiotics + FMT cohort.  Increased energy 

absorption and greater production of essential metabolites following FMT could explain 

the differences between the disease outcomes between the four treatment cohorts.  In 

contrast to our original hypothesis, the highest level of engraftment and the 

correspondingly low disease activity determined through histology, LCN-2, and some 

pro-inflammatory cytokines occurred in the FMT-only cohort that did not receive any 

pre-treatment regimen.   

 

A limitation that arose due to the mice available at the time of study design was 

that we were not able to separate littermates because non-littermates would fight, and 

housing mice individually was not economically feasible.  Therefore, mice from the same 

litter make up a majority of the mice in each treatment cohort, enhancing the effect of 

genetic differences.  LCN-2 concentrations were significantly different between the 

FMT-only and bowel prep/antibiotics + FMT cohorts at baseline.  This suggests that 

baseline inflammation was different between the cohorts, and may have contributed to 

the unexpected results, although there are of course limitations with the use of any 

biological marker.  PLS-DA of the baseline samples showed that the microbial 

composition of all cohorts was significantly different before any pre-FMT treatment or 



161 

 

the FMT procedure, which could have had an effect on the interpretation of the results.  

We also did not include cohorts that received only the pre-FMT treatment regimens 

without an FMT.  This makes it difficult to determine if the differences between the 

cohorts were the result of the pre-FMT treatment regimen or its bowel prep/antibiotics 

with an FMT.  Dethlefsen and Relman have shown that perturbation of the gut microbiota 

is unique to the individual and that time for recovery back to the pre-antibiotic state is 

variable.(53)  Therefore, although the antibiotic regimens are short, previous evidence of 

reduced inflammation in IL-10 -/- mice following antibiotic treatment (24) suggests that 

we are missing relevant control groups within our study, and that the differences 

observed between our different cohorts could simply be the result of the differing pre-

FMT treatment regimens, and not how they alter the therapeutic ability of the FMT.  16S 

rRNA sequencing enraptures all bacteria, allochthonous or autochthonous, alive or dead, 

and therefore does not provide an entirely accurate picture of the gut microbiota, and 

which organisms are essential for host health.  PICRUSt, therefore, makes a significant 

number of assumptions from 16S rRNA data, which must be taken into account when 

analyzing the findings of these investigations. It has been shown that bacteria have a 

disproportionate effect on gastrointestinal health and therefore make it tough to predict 

functional capacities of bacterial communities.(54) 
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4.6 Supplementary Material 

 

 

Figure S4-1. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of mice at all 4 time-points eith the donor FMT slurry made using 

MetaboAnalyst 3.0 (with 95% CI). Red = FMT only (n=5); Green = bowel preparation 

+ FMT (n=5); Blue = antibiotics + FMT (n=5); Teal = bowel prep/antibiotics + FMT 

(n=5); and Purple = donor FMT slurry (n=1).  P-values were calculated using the 

provided permutation test consisting of 1000 permutations. 
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Figure S4-2. Partial least squares Discriminant Analysis (PLS-DA) of the microbial 

profiles of mice from all 4 cohorts with the donor FMT slurry made using 

MetaboAnalyst 3.0 (with 95% CI). Red = baseline (Day 0; n=5); Green = after 

treatment (Day 4; n=5); Blue = 3 days following FMT (Day 7; n=5); Teal = 4 weeks 

following FMT (Day 35; n=5); and Purple = donor FMT slurry (n=1).  P-values were 

calculated using the provided permutation test consisting of 1000 permutations. 
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Figure S4-3. Stool lipocalin-2 (LCN-2) levels in mice separated by litter.  Measured 

using enzyme-linked immunosorbent assay (ELISA) at baseline (day 0) in all four 

cohorts (Log10).  Black = FMT only (n=5); Grey = bowel preparation + FMT (n=5); Red 

= antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + FMT (n=5). 
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Figure S4-4. Linear Discriminant Analysis of PICRUSt results comparing the 

baseline composition to after pre-treatment in each of the four cohorts.   Using 

phylogenetic investigation of communities by reconstruction of unobserved states 

(PICRUSt) we were able to determine changes in the predicted functional content of the 

microbiota from the 16S rRNA marker gene comparing baseline (Red; Day 0) taxonomic 

composition to taxonomic composition after treatment (Green; Day 4). (P-value < 0.05 

using Kruskal-Wallis test) 
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Figure S4-5. Weight to length ratio of two portions of the small intestine. (A) 

Jejunum weight to length ratio taken at sacrifice (mg/cm).  (B) Ileum weight to length 

ratio taken at sacrifice (mg/cm).  Black = FMT only (n=5); Grey = bowel preparation + 

FMT (n=5); Red = antibiotics + FMT (n=5); and Blue = bowel prep/antibiotics + FMT 

(n=5).  
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Chapter 5:  Discussion and Future Directions 
 

5.1 Discussion 

 

There are a number of diseases with characterized associations to the microbiota 

and its dysbiosis, which has increased interest in altering the microbiota to treat the 

underlying conditions.  For Clostridium difficile infection (CDI) and recurrent CDI 

(RCDI), the microbiota or lack thereof plays a central role in the pathogenesis of the 

infection.  By re-establishing the microbiota with fecal microbial transplantation (FMT), 

we can effectively treat the infection, and prevent recurrence.(1)  Unlike other diseases in 

which the dysbiosis of the microbiota has been implicated, altering the microbiota in 

RCDI is congruent with basic concepts of ecology.  FMT restores colonization resistance 

of the gut microbial community against the pathogen, eradicating the infection, and 

treating the symptoms.  The idea surrounding the treatment of RCDI is quite simple, with 

many different approaches being effective, and even in patients with underlying 

gastrointestinal disease such as inflammatory bowel disease (IBD).(2)  However, the 

safety and efficacy of FMTs for IBD is still a subject that requires further investigation. 

 

Increased use of antibiotics in agriculture and healthcare has resulted in an 

amplified threat of bacterial resistance, in particular in pathogenic bacteria that pose a 

threat to human health.(3)  Selective digestive decontamination together with the 

intravenous administration of antibiotics in critically ill patients has been shown to be an 

effective approach for infection prevention (4-6); however, it is also associated with 

dramatic increases in antibiotic resistance (ABR) genes.(7)  Also, once the treatment is 
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discontinued, the patients remained colonized with these multi-drug resistant pathogens 

and as the gut becomes recolonized following the removal of antibiotics an increased 

horizontal transfer of resistance genes from the surviving organisms to opportunistic 

aerobic pathogens may occur.(8)  Eradication of virulent organisms containing ABR 

genes from the gut may also help in alleviating systemic infections, as studies have 

shown pathogenic organisms to colonize the gut prior to translocating to and infecting 

other body sites.(9)  Case reports showing eradication of multidrug-resistant organisms in 

patients following FMT together with evidence from a murine study suggesting that 

multi-drug resistant bacteria such as vancomycin-resistant Enterococcus faecium (VRE), 

and Carbapenem-resistant Klebsiella penumoniae (CRKP) can be eliminated from the gut 

following FMT.(10-12)  Our results demonstrate that patients with RCDI harbor large 

numbers of microbes that carry a great diversity of ABR genes, which poses the same 

threat of horizontal transfer of ABR genes to other pathogenic organisms following 

recolonization of the gut.  However, FMT was effective in reducing the load of ABR 

genes, with no apparent horizontal transfer of ABR genes to microbes introduced via 

FMT. These findings suggest that FMT may be able to eradicate multi-drug resistant 

bacterial infections or alternatively restore antibiotic susceptibility to individual patients.  

FMT may also be used in individuals treated with antibiotics prior to infection to reduce 

the number of ABR genes in the gut to proactively prevent the transfer of ABR genes to 

infectious bacteria in the future.  Taking into account the threat of horizontal gene 

transfer of ABR genes, FMT should be considered a rational option for first-line 

treatment of CDI given the difficulty in treating ABR bacteria and the threat an infection 
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poses on the elderly population most affect by CDI.  Furthermore, FMT has been shown 

to be economical and effective when provided to patients after fewer recurrences.(13)   

 

Enhanced engraftment of the donor microbiota into the recipient is a defining 

feature of a successful FMT for the treatment of RCDI.(14)  In the treatment of IBD, 

Damman and colleagues showed that the patient with the highest percent engraftment of 

the donor microbiota had the best outcome.(15)  With these findings in mind, we 

hypothesized that enhancing the engraftment of donor microbiota using a pre-FMT 

treatment would result in a more efficient therapy.   

 

Currently available studies suggest that bowel preparation can reduce the diversity 

of the gut microbiota transiently or long-term.(16, 17)  Antibiotics are known to impact 

diversity, richness, and bacterial load in the gut, reducing colonization resistance and 

creating an environment more susceptible to colonization by allochthonous bacteria 

including pathogens.(18-20)  Counterintuitively, the work by Manichanh and colleagues 

suggested that antibiotic treatment pre-FMT did not result in enhanced engraftment in 

their rats.(21)  Our results in healthy wild-type mice showed that engraftment of the 

donor microbiota, defined by the introduction and/or removal of new genera following 

FMT occurred to the same amount regardless of treatment before FMT with antibiotics or 

bowel preparation.  However, we also showed that antibiotic treatment followed by FMT 

results in more changes in diversity (evenness and richness) of the gut microbial 

composition.  Therefore, it is possible that we are focusing on too high of a taxonomic 

level, and that changes at the species level are occurring, where there are varying degrees 
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of coexistence between donor and recipient species following different pre-treatment and 

FMT regimens.  Bowel lavage prior to FMT resulted in the largest increase in microbial 

diversity following FMT, peaking at the end of the study.  Reduced diversity has now 

been associated with a multitude of health issues such as necrotizing enterocolitis (22), 

increased risk of allergies (23), Crohn’s disease (18) while increased diversity and 

richness are correlated with overall health in an elderly population.(24)   

 

Interest in FMT as a treatment for IBD comes from the documented association 

between the disease and gut microbial dysbiosis (25-27), although evidence suggests that 

this may be the result of continuous gastrointestinal inflammation and not the cause of 

it.(28)  Increased intestinal permeability has been indicated in early disease development 

of IBD, in particular, Crohn’s diseases (CD).  This association with disease and epithelial 

barrier function has also been made in IL-10 -/- mice, with evidence that probiotic 

bacteria can enhance barrier function and reduce disease scores.(29, 30)  Our results and 

the findings of other studies suggest that improving barrier function may contribute to the 

efficacy of FMT in IBD.(31)  Low serum cytokine levels suggest that there is no 

prolonged systemic response to FMT, however, high incidence of fever following FMT 

may indicate a short systemic response immediately following FMT (Table 1-2).   

 

To our surprise, the lack of a pre-FMT treatment regimen, avoiding the use of 

bowel preparation or antibiotics, results in the best outcome on disease activity.  It is 

possible that the influx of bacteria from an FMT is distracting the hyperactive immune 

system from targeting the host and temporarily provides a relief of symptoms.  However, 
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there is evidence that FMT can result in long-term remission in patients with ulcerative 

colitis (UC).(32)  Therefore, the mechanisms of effective FMTs for the treatment of IBD 

still have to be determined.  In human studies, there appears to be a difference in the 

effectiveness of the FMT depending on the donor, although there are also patients who 

respond and those who do not respond to an FMT from the same donor (Table 1-2).  The 

evidence suggests that induction of clinical remission is both host and donor dependent.  

Individual members of the gut microbiota have a disproportionate effect on 

gastrointestinal health based on their abundance and therefore make it challenging to 

predict functional capacities of bacterial communities.(33)  The ratio of the Firmicutes to 

Bacteroidetes has also been shown to be significantly higher in healthy subjects versus 

patients with IBD in remission, and patients with active IBD having the smallest 

ratio.(34)  Changes in this ratio differed between our four treatment cohorts in IL-10 -/- 

mice, which may have implications the differing efficacy in treating the spontaneous 

colitis between cohorts.  It is imperative that more precise relationships between the 

microbiota and health or disease are investigated.   

 

5.2 Significance of my work 

 

  

 We believe that findings of our research are extremely important as it provides 

clear scientific evidence that FMT may be a viable treatment option to eradicate multi-

drug resistance bacteria from patients, thus expanding the use of FMT into other 

therapeutic realms.  As an experimental therapeutic, a standardized procedure for FMTs 

has yet to be agreed upon.  Our results indicate that a short pre-treatment therapy of 

antibiotics, bowel preparation, or a combination prior to FMT has a significant effect on 
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donor microbiota engraftment into the recipient, and consequently a differential effect on 

therapeutic efficacy.  Although we do not provide enough evidence to recommend one 

approach over another, we did elucidate that pre-treatment regimens are extremely 

important for FMTs in an IBD model, and should be a major consideration in future 

research.   

 

5.3 Future Directions 

 

Future research should focus on the following: 

 

 

1.  In human investigations, it is common for patients to experience a fever within 24 

hours following an FMT that resolves itself (Table 1-2).  Valuable information could be 

collected looking at shorter time intervals following the FMT and how the immune 

system reacts to the influx of bacteria, and if this immune response changes depending on 

the type of pre-FMT treatment regimen. 

 

3. For clinical trials using FMT for IBD, information gained in the literature review 

(Table 1-2) would lead me to suggest including both an FMT with antibiotics and FMT 

without antibiotics arms to the study. 

 

4.  Stool substitute preparations containing purified intestinal bacterial cultures have been 

shown to be as effective as human stool FMTs.(35)  Designing and investigating the use 
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of a particular bacterial consortium for the treatment of colitis in an animal model could 

elucidate more information regarding the mechanism of FMTs for the treatment of IBD. 

 

5. Given the findings of the mouse projects, a possible approach for future studies may be 

to separate mice into different cohorts based on stool lipocalin-2 (LCN-2) concentrations 

to reduce the effect of the variable onset of colitis in IL-10 -/- mice.  Repeating similar 

experiments using this approach may better differentiate the effect of the therapeutic 

approaches. 
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Appendix 1: Qiime command lines 
 

****QIIME****** 

 

1. Preparation of analysis 

start fastq.gz file 

 

1-1 Preparation of Map.txt file 

 

 

#SampleID BarcodeSequence LinkerPrimerSequence SampleType

 Description 

ex1 

 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG

CAG mock unknown_sample 

 

 

1-2 Paired end read merge 

>run_pear.pl -p 4 -o stitched_reads raw_miseq_data/*  

 

 

2. Normalization of sequence reads 

>for m in *.fastq; do subsample_se_fastq.sh $m 100000/${m%*}".fastq" 100000; done 

 

For fastq files: 

 

>grep -c "@" *.fastq 

 

For fasta files: 

 

>grep -c ">" *.fasta 

 

 

3. Removing low quality reads (<q20) 

>for i in *fastq; do split_libraries_fastq.py -i $i --sample_id ${i/_L001_R1_001.fastq/} -o 

${i/_L001_R1_001.fastq/}_R1_q20  -m map.txt -q20 --barcode_type 'not-barcoded' ; 

done 

 

 

4. Gather seqs.fna file from folder 

>for DIR in *_q20; do cat ${DIR}/seqs.fna >>seqs.fna; done 

>for DIR in *_q20; do wc -l  ${DIR}/seqs.fna; done 

>for DIR in *_q20; do grep -c ">"  ${DIR}/seqs.fna; done 

 

>wc -l filename.fa  
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>grep -c ">" *.fasta 

4-1 check read count and control read count 

Summary 

Original: 13.09 GB (usearch61 X) (read count X) 31,286,161 

100000: 6 GB  (usearch61 X) (read count X) 

90000: 4.45 GB (usearch61 X) (read count o) 10,486,814 

80000: 3.96 GB (usearch61 X) (read count o) 9,330,776 

70000: 3.48 GB (usearch61 X) (read count o) 8,205,092 

60000: 2.98 GB (usearch61 o) (read count o) 7,019,645 

50000: 2.48 GB (usearch61 o) (read count o) 5,850,118 

 

If below 3.00 GB then Usearch61 is the proper program. 

 

>/home/madsen/Desktop/subsample_se_fasta.sh ALL.fna ALL_1000.fna 10000000 

 

5. Usearch61 

 

>pick_otus.py -i il10.fna -m usearch61 --db_filepath=gold.fa -o usearch_qf_results/ --

word_length 64 

 

   (gold.fa file from website)-> make sure the gold.fa file is in your working directory. 

 

 

**many group analysis*** 

 

>for i in `ls *.fna`  

>do 

>pick_otus.py -i $i -m usearch61 --db_filepath=/home/madsen/Desktop/gold.fa -o 

${i%*}_usearch_qf_results/ --word_length 64 

>done 

 

or 

  

>for i in `ls *.fna`; do pick_otus.py -i $i -m usearch61 --db_filepath=gold.fa -o 

${i%*}_usearch_qf_results/ --word_length 64; done & 

 

 

 

6. Creating the major files 

 6-1 R1_rep_set.fna 

>pick_rep_set.py -i usearch_qf_results/il10_otus.txt -f il10.fna -o il10_rep_set.fna 
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 6-2 Biom file 

> assign_taxonomy.py -i il10_rep_set.fna -o il10_taxonomy_results 

> make_otu_table.py -i usearch_qf_results/il10_otus.txt -t 

il10_taxonomy_results/il10_rep_set_tax_assignments.txt -o il10_otu_table.biom 

 

 

 6-3 Tree file 

> align_seqs.py -i il10_rep_set.fna -o il10_alignment 

 

 (Creates 3 output files) 

 

 

> filter_alignment.py -i il10_alignment/il10_rep_set_aligned.fasta -o alignment/ 

(Creates a single output file) 

 

> make_phylogeny.py -i alignment/il10_rep_set_aligned_pfiltered.fasta -o 

il10_rep_set_tree.tre 

 

(This step takes over 3 hours) 

 

 

6-4 Create map.file 

 

create_qiime_map.pl *.fastq > map.txt 

 

 

6-5 Determination of eigenvalue for Core diversity 

 

biom summarize-table -i il10_otu_table.biom -o otu_talbe_summary.txt 

 

 

7. Core diversity 

 

> core_diversity_analyses.py -i il10_otu_table.biom -o core_output -m il10_map.txt -c 

SampleType -t il10_rep_set_tree.tre -e 146 

 

(This step takes over 3 hours) 

 

 

8. Taxonomy result 

 

> summarize_taxa.py -i il10_otu_table.biom -o il10_taxonomy_summaries 

> plot_taxa_summary.py -i il10_taxonomy_summaries/il10_otu_table_L3.txt -o 

il10_taxonomy_plot_L3 
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9. Extra analysis (optional) 

 

[Make OTU Heatmap] 

 

>make_otu_heatmap.py -i il10_otu_table.biom -o il10_otus/OTU_Heatmap/ 

 

 

[Make OTU Network] 

 

> make_otu_network.py -m il10_map.txt -i il10_otu_table.biom -o 

il10_otus/OTU_Network 

 

 

>jackknifed_beta_diversity.py -i il10_otu_table.biom -t il10_rep_set_tree.tre -m map.txt -

o wf_jack -e 110 

 

beta_diversity_through_plots.py -i il10_otu_table.biom   -m map.txt -o 

wf_bdiv_even146/ -t il10_rep_set_tree.tre -e 146 

 

echo "alpha_diversity:metrics shannon,PD_whole_tree,chao1,observed_species" > 

alpha_params.txt 

 

alpha_rarefaction.py -i il10_otu_table.biom -m map.txt -o wf_arare/ -p alpha_params.txt 

-t il10_rep_set_tree.tre 
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Appendix 2: Microbial composition of wild-type 129S1/SvlmJ mice at 

all taxonomic levels 
 

 

 

 

Figure A2-1: Phylum level taxonomy of donor FMT slurry and wild-type mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2-2: Class level taxonomy of donor FMT slurry and wild-type mice 
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Figure A2-3: Order level taxonomy of donor FMT slurry and wild-type mice 

 

 

 
 

 

 

 

 

Figure A2-4: Family level taxonomy of donor FMT slurry and wild-type mice 
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Figure A2-5: Genus level taxonomy of donor FMT slurry and wild-type mice 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



191 

 

Appendix 3: Microbial composition of IL-10 Knock-out 129S1/SvlmJ 

mice at all taxonomic levels 
 

 

Figure A3-1: Phylum level taxonomy of donor FMT slurry and IL-10 -/- mice

 
 

 

 

 

 

 

Figure A3-2: Class level taxonomy of donor FMT slurry and IL-10 -/- mice 
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Figure A3-3: Order level taxonomy of donor FMT slurry and IL-10 -/- mice 

 
 

 

 

 

 

 

Figure A3-4: Family level taxonomy of donor FMT slurry and IL-10 -/- mice 
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Figure A3-5: Genus level taxonomy of donor FMT slurry and IL-10 -/- mice 
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Appendix 4: MESO scale Discovery-V-PLEX Validated Assay Results 
 

Figure A4-1: Cecal tissue cytokines measured using Meso Scale Discovery 
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Figure A4-2: Ileal tissue cytokines measured using Meso Scale Discovery 
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Figure A4-3: Serum cytokines measured using Meso Scale Discovery 

 

 


