
Boston University

OpenBU http://open.bu.edu

Boston University Theses & Dissertations Boston University Theses & Dissertations

2014

The human gut micro biome and future

role of fecal microbiota transplants

https://hdl.handle.net/2144/14405

Downloaded from DSpace Repository, DSpace Institution's institutional repository



   

BOSTON UNIVERSITY 
 

SCHOOL OF MEDICINE 
 
 
 
 
 

Thesis 
 
 
 
 
 

THE HUMAN GUT MICROBIOME AND THE FUTURE ROLE OF FECAL  

MICROBIOTA TRANSPLANTS 

 
 
 
 

by 
 
 
 
 

DANIEL DWYER 
 

B.S., University of Wisconsin - Madison, 2010 
 
 
 
 
 
 
 

Submitted in partial fulfillment of the 
 

requirements for the degree of 
 

Master of Science 
 

2014  



   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2014 
 DANIEL DWYER 
 All rights reserved  



   

Approved by 

 

 

 

 

 

First Reader ___________________________________________________ 
 Gwynneth D. Offner, Ph.D. 
 Director M.A. Medical Sciences Program, 
 Associate Professor of Medicine 
 

 

Second Reader ___________________________________________________ 
 Karen Symes, Ph.D. 
 Assistant Dean of Student Affairs 
 Associate Professor of Biochemistry 
 

 

 
 



 

 iv 

THE HUMAN GUT MICROBIOME AND THE FUTURE ROLE OF FECAL  

MICROBIOTA TRANSPLANTS 

DANIEL DWYER 

ABSTRACT 

 With recent research being conducted in categorizing and analyzing the 

human microbiome, evidence has now linked the human microbiome to a range 

of diseases. Dysbiosis of the human gut microbiome exists in colon cancer, 

obesity, and Clostridium difficile infections. The use of fecal microbiota 

transplants has been proven effective in treating recurrent C.difficile infections by 

restoring gut microbiota. More needs to be done to establish fecal microbiota 

transplants procedures, effectiveness, and safety. Once established, fecal 

microbiota transplants may play a role in modulating other diseases linked to 

human gut microbiome dysbiosis. 

  



 

 v 

TABLE OF CONTENTS 

 

TITLE……………………………………………………………………………………...i 

COPYRIGHT PAGE……………………………..……………………………………...ii 

READER APPROVAL PAGE...………………………………………………………..iii 

ABSTRACT ..........................................................................................................iv 

TABLE OF CONTENTS ....................................................................................... v 

LIST OF TABLES ................................................................................................ vii 

LIST OF FIGURES ............................................................................................. viii 

LIST OF ABBREVIATIONS ..................................................................................ix 

INTRODUCTION .................................................................................................. 1 

1.1 Analyzing 16S rRNA Genes ........................................................................ 2 

1.2 Whole Genome Shotgun Approach ............................................................ 4 

1.3 Reference Database ................................................................................... 5 

1.4 What Constitutes “Normal” .......................................................................... 7 

1.5 Human microbiome implicated in health and disease ............................... 12 

1.5.1 Clostridium difficile and the gut microbiome ....................................... 13 

1.5.2 Colon cancer and the gut microbiome ................................................ 16 

1.5.3 Obesity and Microbiome ..................................................................... 23 

SPECIFIC AIMS ................................................................................................. 30 

PUBLISHED STUDIES ....................................................................................... 31 



 

 vi 

2.0 What is a fecal microbiota transplant? ...................................................... 31 

2.1 Fecal microbiota transplants in Clostridium difficile infection (CDI) ........... 31 

2.2 Analyzing the fecal microbiota transplant studies ..................................... 33 

2.3 Methods of FMT used ............................................................................... 33 

2.4 FMT safety ................................................................................................ 38 

2.5 Does fecal microbiota transplantation work in patients with CDI? ............. 39 

2.6 FMT in patients with ulcerative colitis ........................................................ 40 

2.7 FMT in patients with metabolic syndrome ................................................. 41 

DISCUSSION ..................................................................................................... 42 

CONCLUSION .................................................................................................... 45 

REFERENCES ................................................................................................... 47 

CURRICULUM VITAE ........................................................................................ 65 

 
  



 

 vii 

LIST OF TABLES 

 
Table Title Page 

1 Results from reviewing data on FMT related studies 35 

2 FMT success rates per infusion method used 39 

 
  



 

 viii 

LIST OF FIGURES 

Figure # Title Page 

1. PCR and Cloning Eliminate Need for Culture 3 

2.  HMP Sample sites 6 

3. HMP Sample Analysis Pathway Flowchart 7 

4.  Diversity of Human Biome Roughly Grouped by 
Region 

9 

5. Phlya Distribution Varies Across Select Sampling 
Sites and Subjects 

10 

6.  Metabolic Pathways Remain Consistent Across 
Subjects 

10 

7.  Proposed Methods That Microbiota May Cause 
Cancer 

22 

 
  



 

 ix 

LIST OF ABBREVIATIONS 

 
AMA ......................................................................... American Medical Association 

CDI ............................................................................. Clostridium difficile infection 

CRC ............................................................................................ Colorectal Cancer 

FMT ............................................................................ Fecal Microbiota Transplant 

HMP ............................................................................ Human Microbiome Project 

NIH .............................................................................. National Institutes of Health 

OTU ............................................................................ Operational Taxonomic Unit  

PRR ......................................................................... Pattern Recognition Receptor 

SCFA ..................................................................................... Short chain fatty acid 

TLR ............................................................................................... Toll-like receptor 

WGS ................................................................................ Whole Genome Shotgun 

 

 

 



 

1 
 

INTRODUCTION 

 Around ten trillion microbial cells live inside a human being’s gut (Mullard, 

2008). This equates to ten times as many foreign cells than human cells 

(National Institute of Health, 2014). These microbial inhabitants, referred to as 

the human microbiome, harbor more than 100 times as many genes than the 

entirety of the human genome (Mullard, 2008). Back in 2005, an international 

conference was convened to discuss an effort to categorize the community of 

microbes in the human gut, as well as other epithelial linings, such as the skin, 

vagina, and oral mucosa (The NIH HMP Working Group et al., 2009). Shortly 

after, in 2008 the National Institute of Health (NIH) created the Common Fund 

Human Microbiome Project (HMP) with the mission of categorizing and analyzing 

the human microbiome in order to resolve the role it plays in human health and 

disease (National Institute of Health, 2014). HMP was designed to fund this 

cutting edge research. Similarly to the HMP, European MetaHIT consortium used 

the same techniques to investigate only the human gut microbiome (Arumugam 

et al., 2011). 

 The Human Microbiome Project has been planned out to conquer four 

different challenges of sampling and analyzing the HMB: analyzing 16S rRNA 

gene diversity in order to characterize the complex communities, using whole 

genome shotgun approach to analyze what genes are present and potentially 

active, isolating and mapping genomes in order to build a reference database, 
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and to then investigate the potential relationships between human microbiota and 

disease (Aagaard & Segars, 2014; The NIH HMP Working Group et al., 2009).  

1.1 Analyzing 16S rRNA Genes 

Recent advances in technology have allowed researchers to define and 

categorize bacterial species commonly found inhabiting in and on humans 

(Weng, Rubin, & Bristow, 2006). This commensal relationship is referred to as 

the human microbiome. Previous attempts at quantifying and analyzing the 

microbiome were foiled by the inability to culture all species that inhabited 

various locations of the human (Connon & Giovannoni, 2002; Pei et al., 2004; 

Verhelst et al., 2004) . In fact, culture based methods failed to identify up to 80% 

of organisms because of the organisms inability to grow in culture (Connon & 

Giovannoni, 2002; Hugenholtz, 2002; Pei et al., 2004; Verhelst et al., 2004; 

Weng et al., 2006). Because of this limitation, previous bacterial analyses have 

mostly investigated proverbial bacterial “weeds” that easily grow on culture 

medium (Hugenholtz, 2002). 

The use of ribosomal RNA gene sequencing has allowed culture-

independent identification of bacteria since these genes are sufficiently 

conserved across species, allowing PCR amplification, but variable enough to 

distinguish between different bacterial species (Weng et al., 2006). The most 

commonly used conserved sequence is the 16S rRNA gene (Hugenholtz, 2002; 

Mills, Entry, Voss, Gillevet, & Mathee, 2006; National Institute of Health, 2014). 
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By using PCR amplification or RNA cloning, one is able to bypass the need to 

culture a bacterial species before analysis as seen in Figure 1. The use of whole-

cell fluorescence in situ can then be used to visualize and quantify the amounts 

of specific bacteria in a specific sample (Hugenholtz, 2002). In addition, recent 

developments have reduced the cost and sped up these processes so that 

analyzing the multitude of genes, which are in the order of millions, is no longer 

impossibly difficult (Mullard, 2008). 

Figure 1. PCR and Cloning Eliminate Need for Culture 

Nucleic acid probes are generated from existing databases of 16S rRNA genes. They are then 
applied to RNA/DNA samples extracted from environmental samples. Either PCR or Cloning is 
utilized to generate sufficient substrate for detection and sequencing of the sample (Hugenholtz, 
2002) 



 

4 
 

 Researchers have purified and analyzed over 3.5 terabases of genomic 

data to be able to quantify and categorize bacteria (“NIH Human Microbiome 

Project defines normal bacterial makeup of the body,” 2013). In addition, by using 

16S rRNA, researchers have been largely able to ignore human DNA sequences 

since the 16S rRNA sequences are primarily found in bacterial cells (The NIH 

HMP Working Group et al., 2009). Furthermore, new techniques for analyzing 

and obtaining this 16S rRNA data are ever improving the reliability and accuracy 

of their measurements (Schloss, Gevers, & Westcott, 2011) 

1.2 Whole Genome Shotgun Approach 

In addition to classifying specific bacterial populations through 16S rRNA, 

another focus is on identifying the various roles the bacterial genomes play in 

metabolite processing (Methe et al., 2012). While 16S rRNA can tell researchers 

what species of bacteria are present, they do little to identify the function of those 

bacterial species (Methe et al., 2012). Whole genome shotgun (WGS) techniques 

take the whole communities DNA into account (Methe et al., 2012; The NIH HMP 

Working Group et al., 2009). This approach is called “Metagenomics”, which 

sequences genomic libraries directly from a mixed sample (The NIH HMP 

Working Group et al., 2009). 

 The human genome only carries around 22,000 protein-coding genes; 

however, the microbiome inhabiting humans contribute around 8 million unique 

protein coding genes (“NIH Human Microbiome Project defines normal bacterial 
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makeup of the body,” 2013). That means that the microbes have the potential to 

contribute around 360 times more proteins towards the survival of the human 

host than the human host itself. Because of this, it is essential to investigate not 

only what species of microbe exist, but also what they do. For example, microbial 

genes in the human gastro-intestinal tract are responsible for digesting certain 

foods and nutrients for the human host that would otherwise be unavailable (“NIH 

Human Microbiome Project defines normal bacterial makeup of the body,” 2013). 

1.3 Reference Database 

Through the use of a variety of methods, including sample dilution, 

micromanipulators, optical tweezers, filtration, centrifugation, and flow cytometry, 

hard to grow bacteria have been isolated and analyzed (Elsas, 1997). These 

methods have laid the groundwork in developing a database of genes used to 

classify and investigate the human microbiome. 

In order to gain an insight into what a “normal” western microbiome 

constitutes, the HMP obtained samples from 242 volunteers from two distinct 

geographical locations in the United States, meeting an extensive list of inclusion 

and exclusion criteria defining “normal” from the United States of America; 

samples were taken from 15 body sites on both males and females (Figure 2), 

with an additional 3 sites for the female reproductive tract (The Human 

Microbiome Project Consortium, 2012). Gastrointestinal bacteria were analyzed 

using stool samples (The NIH HMP Working Group et al., 2009). Replicate 
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measures were taken 1 month to over a year after initial sampling. All samples 

were analyzed using 16s rRNA sampling, with a subset also analyzed using 

whole shotgun genome approaches. 

Figure 2. HMP Sample sites 

Multiple sites were sampled and analyzed (“Human Microbiome Project DACC - Microbiome 
Analyses,” 2014). 

In addition, subjects were sampled up to two more times in the following 

months (The NIH HMP Working Group et al., 2009). Following the flow in Figure 

3, the samples were analyzed and to increase the reference genome database 

(The NIH HMP Working Group et al., 2009). As of 2/1/2014, the human 

microbiome project (HMP) has 2673 reference genome projects in the works, 

spanning many human sample sites (“Human Microbiome Project DACC - HMP 

Project Catalog,” 2014). Of these 2673 projects, there are over 1300 reference 

microbial genomes that have already been completed (“Human Microbiome 
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Project DACC - HMRGD,” 2014). That’s over 1.84 Terabytes of information that 

has been analyzed by the scientific community (“Human Microbiome Project 

(HMP) Metagenome Projects (ID 43017) - BioProject - NCBI,” 2014). Reference 

genes can be obtained from both the National Center for Biotechnology 

Information’s website NCBI.gov and the Human Microbiome Project’s website 

HMPDacc.org. 

Figure 3. HMP Sample Analysis Pathway Flowchart 

This flow chart represents the path the HMP has taken to analyze and sort subject samples into 
useful reference genomic material. Microbial communities are analyzed by both WGS and 16S 
rRNA methods to produce respective reference data. (The NIH HMP Working Group et al., 2009) 

1.4 What Constitutes “Normal” 

 The work of many investigators and extensive analysis has laid the 

groundwork in establishing what is considered a “normal” microbiome (The 

Human Microbiome Project Consortium, 2012). These microbial communities 
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have been analyzed using reference genomic material obtained through the HMP 

(The Human Microbiome Project Consortium, 2012).  

 It was determined that the difference in microbial community makeup was 

highly variable when looking at a single subject across sampling sites, as in the 

bacterial composition varied vastly from skin to vaginal to oral to gastrointestinal 

sampling sites (The Human Microbiome Project Consortium, 2012). However, the 

difference between subjects when looking at the same sampling site was 

markedly less, with salvia having the highest diversity within a sample, but as a 

population shared a similar organism makeup (The Human Microbiome Project 

Consortium, 2012). Thus, an individual subject’s saliva has a wide variety of 

organisms but is markedly similar to the saliva from another subject. The vagina 

had the lowest microbial diversity when looking at a single subject, as well as 

when comparing between subjects at the genus level; however, the bacterial 

composition between subjects had a very high diversity among operational 

taxonomic units (OTUs, approximately classify species, see 

http://hmpdacc.org/HMQCP) due to the presence of distinct lactobacillus species 

(The Human Microbiome Project Consortium, 2012). The diversity seen in 

microbial species could be roughly sorted into one of five groups: 

gastrointestinal, urogenital, nasal, oral, and skin samples (Figure 4). It has also 

been discovered that there is usually a predominant phyla in each of 

the sampling sites (Figure 5), and there is no universal microbe found across all 

body habitats (The Human Microbiome Project Consortium, 2012). 
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Figure 4. Diversity of Human Biome Roughly Grouped by Region 

Principal coordinate plot showing the primary variation in the human microbiome is clustered by 
body regions. Nasal regions straddle skin and oral habitats. (The Human Microbiome Project 
Consortium, 2012) 

Current distribution of genes surprised scientists in that the distribution of 

metabolic activities was more important than the distribution of microbial species 

(“NIH Human Microbiome Project defines normal bacterial makeup of the body,” 

2013). As shown in Figure 5, metabolic pathways are relatively stable across 

individuals when examining a single habitat. This is exemplified in stool where 

there is a high variability among phyla dominance with an inverse relationship 

between Bacteroidetes and Firmicutes (Figure 6) as the competing dominate 

phyla in stool, yet a relatively stable metabolic profile still emerged (The Human 

Microbiome Project Consortium, 2012). 
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Figure 5. Phlya Distribution Varies Across Select Sampling Sites and Subjects 

Relative average abundance of different phyla across subjects and their sample sites are shown 
by vertical bars. One phyla usually predominates the site, but this is not absolute (The Human 
Microbiome Project Consortium, 2012).  

 

 

Figure 6. Metabolic Pathways Remain Consistent Across Subjects 

Vertical bars represent varying average abundance of the most prevalent metabolic pathways 
across subjects and sampling sites. Metabolic pathways are much more stable across subjects 
than phyla (The Human Microbiome Project Consortium, 2012). 
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In addition, unlike the microbial taxa makeup, several metabolic pathways 

were omnipresent, with the most abundant being ribosome and translational 

machinery, nucleotide charging and ATP synthesis, and glycolysis, all of which 

are the fundamentals of host-associated microbe life (The Human Microbiome 

Project Consortium, 2012). Of note, up to 86% of the gut genes detected could 

not be prescribed a metabolic function (Li, Bihan, Yooseph, & Methe, 2012; The 

Human Microbiome Project Consortium, 2012). Low abundant taxa and 

metabolic pathways, while rare, are consistently found in more than 92% of 

samples, which suggest this is an important pool of genetic diversity in the 

human microbiome (Li et al., 2012; The Human Microbiome Project Consortium, 

2012). 

  With repeated sampling taken from the same subjects over time, it was 

discovered that the variation of an individual’s biome was consistently low, in 

both species classification and metabolic functions (The Human Microbiome 

Project Consortium, 2012). Microbial metabolism: remains relatively stable 

among individuals, can change to meet nutrient and metabolite availabilities, and 

vary depending on their environment (Abubucker et al., 2012; The Human 

Microbiome Project Consortium, 2012). There was also high variability 

dependent on subject ethnicity (The Human Microbiome Project Consortium, 

2012). 

It was noted that there was a particular absence of detrimental microbes, 

which supports that a healthy microbiome may be distinctly different than those in 
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disease states (The Human Microbiome Project Consortium, 2012). Data 

continues to suggest that carriage pattern is similar to that of genetic traits, in that 

high-risk detrimental pathogens (like genetic traits) are maintained in the 

population at miniscule to absent levels, whereas those that pose a moderate 

risk are present, but at a low rate (The Human Microbiome Project Consortium, 

2012). 

It was found that twins and their mothers had more similar microbiomes 

than when compared to strangers (Turnbaugh et al., 2009). This suggests that 

the microbiome may be partially inherited by vertical transmission from mother to 

child. Also Bacteroidetes were directly related to functional diversity (Turnbaugh 

et al., 2009). In fact, the microbiome commensally develops with the host, 

supporting the human body, and effecting the host’s wellbeing by protecting the 

host from invasive pathogens as well as helping breakdown indigestible food for 

the host (Y.-T. Tsai, Cheng, & Pan, 2014) 

1.5 Human microbiome implicated in health and disease 

 The HMP and the European metaHIT projects have increased our 

understanding and knowledge of what constitutes normalcy in the human 

microbiome. Now with these reference genes at the public’s disposal, scientists 

are investigating how human health is affected by differing states of the human 

microbiome. 
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1.5.1 Clostridium difficile and the gut microbiome 

The United States Centers for Disease Control and Prevention (CDC) has 

deemed Clostridium difficile infection (CDI) as one of the most significant hospital 

acquired infections (Dynamed, 2013). In fact, CDI causes such severe diarrhea 

that it can be associated with over 14,000 American deaths every year (Centers 

for Disease Control and Prevention, 2013). CDI is a prime example of gut 

bacterial dysbiosis leading to disease (Dynamed, 2013). C. difficile is an 

endospore forming anaerobic gram-positive large rod bacteria which produces 

two toxins that induce foul smelling watery diarrhea in patients (Dynamed, 2013). 

CDI is primarily a hospital-acquired disease in older patient populations in 

hospitals receiving antibiotic treatment (Dynamed, 2013). In about 20% of 

patients, CDI will resolve on its own when discontinuing the antibiotic that the 

patient was previously treated with (Centers for Disease Control and Prevention, 

2013). On the other hand, in 12-20% of patients experiencing their first bout of a 

CDI will be plagued with recurrent CDI, and if this happens, 50-65% of those 

experiencing their second bout will continue to have recurrent episodes of CDI 

(Dynamed, 2013). Unfortunately, current antibiotic treatments are only around 

30% effective at curing this type of recurrent CDI, and the more reoccurrences 

that happen, the less effective antibiotic treatments are (Dynamed, 2013). 

The use of antibiotics can affect both the size and composition of the gut 

microbiome, with some bacterial genera gaining in proportion and others 

shrinking (Britton & Young, 2014). In contrast to patients who did not develop 
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CDI after antibiotic treatment, it has been shown that patients who acquire CDI 

after antibiotic use have decreased bacterial diversity, with susceptibility linked to 

a decrease in normal members of the gut microbiome with relative increases in 

others, mainly members of Lachnospiraceae and an increase in 

Enterobacteriaceae (Britton & Young, 2014). Furthermore, those that endured 

recurrent episodes of CDI have distinctly different microbiomes than those who 

did not (Rea et al., 2012). There seems to be a protective effect by 

Lachnospiraceae in mice, which limited the both the severity of symptoms and 

amount of colonization by C. difficile in susceptible mice (Reeves, 

Koenigsknecht, Bergin, & Young, 2012). In fact, 6 phylogenetically diverse 

bacterial species were identified that could restore colonization resistance and 

prevent chronic carriage of C. difficile, when administered together (Lawley et al., 

2012). These studies show that the makeup of an individual’s gut microbiome 

can heavily influence the susceptibility and outcome of a CDI. It has been shown 

that antibiotics affect the gut microbiome, allowing opportunistic infection by C. 

difficile, which can be modulated by various other microbiota (Britton & Young, 

2014; Lawley et al., 2012; Reeves et al., 2012). 

The exact mechanism by which C. difficile overwhelms the native 

microbiome is not entirely known (Dynamed, 2013). However, there have been 

mouse experiments to investigate these mechanisms (Ng et al., 2013; Stiemsma, 

Turvey, & Finlay, 2014). Ng et al. (2013) identified that the use of antibiotics 

reduced host gut bacteria allowing an increase in “free” host carbohydrates. 
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These free carbohydrates were then utilized by the pathogenic C. difficile 

bacteria to establish an infection. However, Ng et al. (2013) continued to show 

that C. difficile infections were also modulated by the composition of the 

underlying microbiota. Gnotobiotic mice with only Bacteroides 

theatatiotaomicron, which contain a sialidase used to free sialic acid from the gut 

mucosa, showed an increased colonization by C. difficile, which can utilize sialic 

acid as an energy source, relative to germ-free mice (Ng et al., 2013); therefore, 

other bacteria may provide beneficial growth conditions for C.difficile. 

Furthermore, Ng et al. (2013) also showed that mutant C. difficile, which lacked 

the genes to utilize sialic acid as a carbon source, resulted in a fourfold decrease 

in colony forming units per gram of feces. Antibiotic usage disrupts the gut 

microbiome, freeing previously consumed nutrients, such as sialic acid, allowing 

the opportunistic C. difficile to utilize this and proliferate into a pathological 

causing infection (Britton & Young, 2014; Ng et al., 2013; Stiemsma et al., 2014).  

Theriot et al. (2014) also showed that the use of antibiotics in mice created 

susceptible states marked by higher concentrations of primary bile acids, 

taurocholate and other tauro-conjugate bile acids, a decrease in secondary bile 

acids such as, deoxycholate, and a marked increase in sugar alcohols, most 

notably mannitol and sorbitol. The increase in free carbohydrates also occurred 

simultaneously with a decrease in free short-,medium- and long-chain fatty acids 

(Theriot et al., 2014). All of these substrates increase C. difficile spore 

germination in in vitro growth studies (Theriot et al., 2014).  
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Colonization resistance to CDI depends on specific microbiome 

community structure and not the overall community size (Theriot et al., 2014). 

Interestingly enough, in experiments with hamsters, it was shown that being 

colonized by nonpathogenic C. difficile conveyed resistance when hamsters were 

subsequently introduced to a pathogenic strain of C. difficile (Merrigan, Sambol, 

Johnson, & Gerding, 2003; Sambol, Merrigan, Tang, Johnson, & Gerding, 2002). 

This parallels previous findings in humans, where earlier non-symptomatic C. 

difficile colonization reduced the chances of developing a CDI (Shim, Johnson, 

Samore, Bliss, & Gerding, 1998). CDI is clearly caused by bacterial dysbiosis. 

New treatments exploring how to treat and perhaps even prevent CDI would be a 

boon to the human population and those currently suffering from the 

uncomfortable and sometimes deadly symptoms of CDI. 

1.5.2 Colon cancer and the gut microbiome 

There are multiple types of cancer that are caused by infectious agents, 

and these malignancies are often in tissues that experience a high level of 

contact with microbes (Zhu, Gao, Wu, & Qin, 2013; zur Hausen, 2009). Well-

known instances include cervical cancer and gastric cancer, often caused by 

human papillomaviruses and the bacteria Helicobacter pylori, respectively (Zhu 

et al., 2013; zur Hausen, 2009). It is interesting to note that there is an 

approximately 12 fold increased risk of cancer of the large intestine (colon), 

which has ~1012 cells/ml, compared to that of the small intestine, which has ~102 
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cells/ml (Proctor, 2011). Considering that there are previous examples of 

infectious agents causing cancer and that the colon is in contact with trillions of 

potentially infectious microbes,  it is no surprise that in recent studies scientists 

are confirming that there is a strong relationship between the gut microbiome and 

colon cancer (Gold JS, Bayar S, & Salem RR, 2004; Moore & Moore, 1995; 

Nakamura et al., 2002; Peek & Blaser, 2002; Zhu et al., 2013).  

Colon cancer is the third most common cancer, but second leading cause 

of mortality in men and women, with over 131,000 incidences and 57,000 deaths 

in 2010 (Centers for Disease Control and Prevention, 2014). Colorectal cancer 

(CRC) is cancer of the large intestine or rectum (Centers for Disease Control and 

Prevention, 2014). Sporadic colorectal cancer (that which cannot be explained by 

inherited genetic deficiencies) normally progresses from healthy gut mucosa to 

an adenoma (benign tumor of the epithelial tissue) and onto carcinoma (Al-

Sohaily, Biankin, Leong, Kohonen-Corish, & Warusavitarne, 2012). Non-inherited 

colorectal cancer is dominated by the chromosomal instability pathway, which 

accounts for 65-70% of all random CRC (Al-Sohaily et al., 2012). This pathway is 

characterized by either entire chromosome loss or partial chromosome loss 

followed by progressive deleterious mutations and cellular damage, following a 

slow but progressive path from healthy mucosa to adenoma to carcinoma (Al-

Sohaily et al., 2012). Due to the slow progression, if caught early, most patients 

will be cured of their cancer (Centers for Disease Control and Prevention, 2014). 
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In previous research, Streptococcus bovis, the genus Bacteroides, the 

class Clostridia, and H. pylori have been implicated in cancer pathogenesis (Gold 

JS et al., 2004; Moore & Moore, 1995; Nakamura et al., 2002; Peek & Blaser, 

2002). On the other hand, some bacterial strains, including Bifidobacterium 

longum and Lactobacillus acidophilus, have been shown to inhibit carcinogen-

induced colon tumor development (McIntosh, Royle, & Playne, 1999; Rowland, 

Bearne, Fischer, & Pool‐Zobel, 1996). These results suggest that the balance 

between “good” and “bad” bacteria may affect the progression of cancer (Zhu et 

al., 2013). 

High concentrations of bacteria were apparent in 90% of biopsy 

specimens from patients with colorectal cancer, with bacteria also apparent in 

93% of samples collected from patients with colonic adenomas, which is in direct 

contrast to finding no bacteria in asymptomatic controls (Swidsinski et al., 1998). 

Furthermore, Escherichia coli strains that were adherent or invasive were present 

in the colonic mucosa of patients with colorectal carcinoma and adenoma, but 

not in normal colonic mucosa (Cuevas-Ramos et al., 2010). S. bovis has been 

linked to colonic neoplasia: this bacterial strain, as well as its bacterial cell wall 

antigens, have been shown to initiate the transformation of normal mucosal 

crypts into hyper-proliferative abnormal colonic crypts and also augment the 

expression of proliferation markers in rats treated with carcinogens (Ellmerich, 

Djouder, Schöller, & Klein, 2000). Taken together, these results suggest that 

bacteria may be directly responsible for some types of CRC. 
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Human colonic dysbiosis in patients with CRC was reported in high-

resolution maps by multiple investigators (Castellarin et al., 2012; W. Chen, Liu, 

Ling, Tong, & Xiang, 2012; Kostic et al., 2012; Marchesi et al., 2011). These 

studies obtained samples from late stage CRC tumors and healthy tissue. Higher 

levels of Fusobacterium spp. were observed in cancerous lesions than matched 

healthy controls (Castellarin et al., 2012; W. Chen et al., 2012; Kostic et al., 

2012). Histological analysis showed that Fusobacterium can invade tumor cells, 

which may explain why a positive correlation was found between Fusobacterium 

and metastases to lymph nodes (Castellarin et al., 2012). In addition to 

Fusobacteriacium, Bacteroidaceae, Peptostreptococcaceae, Streptococcaceae, 

Veillonellaceae, and Pasteurellaceae have been found to be enriched in 

cancerous tissue compared to the intestinal lumen, with Luminococcaceae, 

Lachnospiraceae, and Lactobacillaceae being relatively depleted in cancerous 

tissue compared to the intestinal lumen (W. Chen et al., 2012). When comparing 

bacteria attached to the mucosa of cancerous lesions to matched healthy 

controls, Bifidobacterium, Blautia, and Faecalibacterium were depleted in CRC 

individuals, whereas Porphyromonas, Fusobacterium, Peptostreptococcus, and 

Mogibacterium were increased (W. Chen et al., 2012). On the phylum level in 

patients with CRC, Proteobacteria had higher concentration while Bacteroidetes 

were lower when compared to matched controls (Shen et al., 2010). At the genus 

level CRC patients had increased Dorea spp., Faecalibacterium spp., but had 
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fewer Bacteroides spp. than controls (Shen et al., 2010). These results continue 

to support that bacterial dysbiosis is associated with CRC development. 

With these associations one may ask: What if there were no bacteria 

present? Would CRC still develop? In only 20% of germ-free rats did 

carcinogenic chemicals generate CRC, in contrast to 93% of germ-filled rats (Zhu 

et al., 2013). Multiple animal studies have continued to show that having 

microbiota present in the intestine presents a significantly larger CRC risk than 

having a sterile microbiome (Balish & Warner, 2002; Engle et al., 2002; Erdman 

et al., 2003; Gold JS et al., 2004; Kado et al., 2001; Marteau, Vrese, Cellier, & 

Schrezenmeir, 2001; Takaku et al., 1998; Zhu et al., 2013). These data continue 

to support that the gut microbiome plays a crucial part in the development of 

CRC. 

There are multiple possible ways bacteria may influence the development 

of CRC. In addition to the enzymatic conversion of primary bile acids into 

secondary bile salts, increased carcinogen production associated with anaerobic 

bacteria may contribute to the progression of CRC (Owen, 1997). Chronic 

inflammation induced by bacteria, either through innate immune responses to the 

bacteria itself and its products may cause inflammatory responses that release 

pro-carcinogenic cytokines, pro-tumorigenic cytokines, or carcinogenic 

metabolites, or the enzymatic activity of the bacteria causing the creation of pro-

carcinogenic byproducts that can increase the genesis of colorectal cancer, see 

Figure 7 (G. Y. Chen, Shaw, Redondo, & Núñez, 2008; Zhang & Ghosh, 2001; 
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Zhu et al., 2013). Therefore, the gut microbiome may induce CRC through 

causing chronic inflammation and creating DNA damaging metabolites and/or 

carcinogens (Hope, Hold, Kain, & El-Omar, 2005). It has also been suggested 

that there may be specific ‘super-bad’ bacteria that both activates certain immune 

pathways and creates carcinogenic byproducts such as hydrogen peroxide, a 

potent DNA damaging reactive oxygen species, which may contribute 

significantly to CRC development (Sears & Pardoll, 2011). Two bacterial 

enzymes, β-glucuronidase and 7α-dehydroxylase, may also contribute to CRC 

risk, as well as nitrate reductase activity (de Kok & van Maanen, 2000; Deschner, 

Cohen, & Raicht, 1981; Gill & Rowland, 2002; Gråsten et al., 2000; D.-H. Kim & 

Jin, 2001; Lee, Kim, Yim, & Joo, 2004; Reddy, Mangat, Weisburger, & Wynder, 

1977). 
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Figure 7. Proposed Methods That Microbiota May Cause Cancer 

Microbes interacting with pattern recognition receptors (PRRs) and toll like receptors (TLRs), 
which are part of the innate immune system, signal pro-inflammatory signaling pathways that may 
increase the risk of developing CRC. The enzymatic activity of the microbiome may also create 
carcinogenic byproducts from pre-carcinogenic molecules (Zhu et al., 2013). 

It is evident that the human gut microbiome influences the development of 

colorectal cancer. Colon cancer’s significance warrants investigation into factors 

that may ameliorate its mortality or reduce the incidence. There have been a 

multitude of animal studies that have shown specific bacteria cause CRC. It has 

been shown that dysbiosis exists in patients with CRC. While it may be specific 

bacteria that influence CRC, or only the ratio or proportion that these bacteria are 

present in the gut, it is imperative that we investigate whether changing the 

microbiome can help the prognosis of CRC or prevent it all together. 

 



 

23 
 

1.5.3 Obesity and Microbiome 

According to the World Health Organization, the rate of obesity has nearly 

doubled worldwide since 1980 (World Health Organization, 2013). Overweight 

adults, 20 years of age or older surpassed 1.4 billion in 2008, with 500 million of 

those individuals categorized as obese (World Health Organization, 2013). Sadly, 

over 40 million children younger than 6 were overweight in 2011 (World Health 

Organization, 2013). The United States leads the world, with two-thirds of its 

adult population being overweight, half of whom are considered obese (World 

Health Organization, 2013). This is an alarming trend that has an enormous 

impact on the public health of a nation (World Health Organization, 2013). 

 Obesity, now officially recognized as a disease by the American Medical 

Association (AMA), entails a host of comorbid diseases, including a fatty liver, 

hypertension, hyperlipidemia, insulin resistance and the buildup of surplus intra-

abdominal adipose tissue, in conjunction with a chronic low-grade whole body 

inflammation, which is the main contributing factor to many types of chronic 

diseases (Poirier et al., 2006; Shoelson, Herrero, & Naaz, 2007). Being 

overweight or obese as an adult has significant comorbidity with a multitude of 

diseases, such as cardiovascular diseases, hypertension, diabetes, osteoarthritis 

and some types of cancer (endometrial, breast and colon) (Poirier et al., 2006; 

Shoelson et al., 2007; World Health Organization, 2013). In children, obesity is 

linked to difficulty breathing, vulnerability to fracture, hypertension, psychological 

stress, and continues into adulthood (Poirier et al., 2006; Shoelson et al., 2007). 
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Globally, being overweight or obese is the fifth leading cause of death, with an 

annual 2.8 million adult deaths (World Health Organization, 2013). Clearly 

obesity is a force to be reckoned with; many scientists are investigating why 

there has been such a recent explosion in obesity (Kverka & Tlaskalova-

Hogenova, 2013; Riley, Raphael, & Faerstein, 2013; F. Tsai & Coyle, 2009; Żak-

Gołąb, Olszanecka-Glinianowicz, Kocełak, & Chudek, 2014). Recently, focus has 

turned to the gut microbiome and its possible role in obesity (Frazier, DiBaise, & 

McClain, 2011; F. Tsai & Coyle, 2009). 

 Using mice, several researchers have demonstrated some possible 

effects of altering the intestinal microbiome on obesity outcomes (Bäckhed et al., 

2004; Bäckhed, Manchester, Semenkovich, & Gordon, 2007; Turnbaugh et al., 

2006; Turnbaugh, Bäckhed, Fulton, & Gordon, 2008). Compared to germ free 

mice, conventionally raised mice exhibited an increase of 40% in body fat content 

and 47% higher gonadal fat, despite eating less (Bäckhed et al., 2004).  

To further demonstrate that this was due to the activity of the microbiome, 

the microbiota of the conventional mice were transplanted to the previously germ 

free mice (Bäckhed et al., 2004). The previously germ free mice then 

experienced an 57% increase in total body fat, a 61% increase in gonadal fat, 

and developed insulin resistance two weeks post-transplant (Bäckhed et al., 

2004). All of this occurred with the previously germ free mice continuing to eat 

the same amount of food and continuing similar exercise (Bäckhed et al., 2004). 

The conventionalized mice showed increased monosaccharide uptake compared 
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to their germ free counterparts, as well as increased signaling to the liver to 

generate triglycerides (Bäckhed et al., 2004). This suggests that the transferred 

microbiota not only helps intestinal epithelial cells absorb nutrients, but can also 

change host metabolism (Bäckhed et al., 2004). Furthermore, these microbiota 

also suppressed the intestine from producing circulating lipoprotein lipase 

inhibitor, which increased deposition of triglycerides in adipocytes as well as 

heart muscle (Bäckhed et al., 2004). These experimental data help display that 

the microbiome can have profound impacts on the host metabolism and 

metabolic profile. In fact, it has been shown that germ free mice fed a diet that 

mimics much of the western world, i.e. high in fat and sugar, failed to develop 

obesity or insulin resistance (Bäckhed et al., 2004). This continues to provide 

evidence that the microbiome is crucial to the development of obesity.  

Furthermore, using a leptin deficient mouse model for obesity, Turnbaugh 

et al. (2006) demonstrated similar results when transferring microbiota from the 

obese mice’s ceca to germ free mice. Recipients of the obese mice’s cecal 

contents gained 74% more body fat two weeks post transplantation than their 

counterparts who received lean mice cecal contents, despite eating less than 

pre-transplantation (Turnbaugh et al., 2006). Since the transplant recipients’ 

cecal contents continued to mirror their donors post transplantation, this shows 

that obesity can be transferred through microbiota (Turnbaugh et al., 2006). 

 When investigating the actual makeup of the mice cecal contents, it was 

discovered in multiple studies that the phylum Firmicutes were enriched and 



 

26 
 

Bacteroidetes were concordantly reduced in obese mice when compared to lean 

mice (Ley et al., 2005; Turnbaugh et al., 2006). Furthermore, when investigating 

the effect of diet on mice, it was found that the respective increase/decrease in 

Firmicutes/Bacteroidetes was primarily due to the type of diet eaten, independent 

of their obese state (Hildebrandt et al., 2009). This helps explain that the disease 

state is not solely responsible for these changes in the microbiome, but rather the 

microbiome is independent of this disease state (Hildebrandt et al., 2009).  

 When investigating humans, the trend that obese people have enriched 

levels of Firmicutes with a corresponding drop in Bacteroidetes is more 

controversial, with multiple studies conflicting or failing to confirm this observation 

(Collado, Isolauri, Laitinen, & Salminen, 2008; Cotillard et al., 2013; Duncan et 

al., 2008; Kalliomäki, Collado, Salminen, & Isolauri, 2008; Le Chatelier et al., 

2013; Ley, Turnbaugh, Klein, & Gordon, 2006; Santacruz et al., 2009; Schwiertz 

et al., 2010). However, the contradicting studies by Duncan et al. (2008), 

Kalliomäki et al. (2008), and Santacruz et al. (2009), had varying methodologies 

with only Schwiertz et al. (2010) making the direct pre-intervention comparisons 

between obese and lean individuals’ microbiomes. Schwiertz et al. (2010) also 

summed Bacteroidetes and Prevotella genera to obtain their total for the phylum 

Bacteroidetes, potentially leaving out bacteria belonging to other genera that 

belong to the Bacteroidetes phylum; thus, conclusion that Bacteriodetes and 

Firmicutes are not related to obesity may not be entirely accurate (Million et al., 

2012). 
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Despite the controversy over the role that the ratio of Firmicutes to 

Bacteroidetes plays in obesity, there have been more specific observations on 

which species of bacteria may be implicated (Million et al., 2012; Schwiertz et al., 

2010).  A decrease in Methanobrevibacter was associated with obesity (Le 

Chatelier et al., 2013; Million et al., 2012; Schwiertz et al., 2010). In addition 

Bifidobacterium was negatively correlated with BMI in obese subjects (Schwiertz 

et al., 2010). Lactobacillus paracasei and Bifidobacterium animalis was 

associated with leanness (Million et al., 2012). However, overall increased 

numbers of the Lactobacillus genus, notably L. reuteri, was associated with 

obesity (Million et al., 2012).  

 In contrast to trying to classify what bacteria exist in the gut microbiome of 

obese individuals, some researchers have investigated the metagenomics 

through WGS (Cotillard et al., 2013; Le Chatelier et al., 2013; Schwiertz et al., 

2010; Turnbaugh et al., 2009). It was found that phosphotransferase systems, 

systems involved in microbe carbohydrate usage, were increased in obese 

individuals (Turnbaugh et al., 2009). Obese individuals also had increased 

Actinobacteria genes whereas increased Bacteroidetes genes were associated 

with lean individuals (Turnbaugh et al., 2009). While methods have varied there 

is clearly a difference in the microbiomes between those with obesity and not. 

 Some researchers have linked obesity and comorbid diseases with low 

microbial genetic diversity (Cotillard et al., 2013; Le Chatelier et al., 2013). 

Individuals with low microbial genetic diversity had increased gene density for 
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metabolic pathways suggesting increased capability to neutralize reactive oxygen 

species as well as increased capability to produce procarcinogens (Le Chatelier 

et al., 2013). In addition, there were noted decreases in butyrate producing 

bacteria, potentially increased mucus breakdown due to decreases in 

Akkermansia to R.torque/gnavus ratio, potential decreases in hydrogen and 

methane production with increases in hydrogen sulfide, increases in 

Campylobacter and Shigella, and increased ability to handle oxidative stress 

using peroxidase (Le Chatelier et al., 2013). These data suggests that low 

genetic diversity microbiomes are pro inflammatory (Le Chatelier et al., 2013). 

Indeed, obese individuals with low microbial gene diversity had higher BMIs, less 

insulin sensitivity, higher fasting serum triglycerides, and higher LDL cholesterol 

and inflammation than their high gene diversity microbiome counterparts 

(Cotillard et al., 2013). Pro inflammatory states may play a role in metabolic 

endotoxemia, which may be significant in determining future complications and a 

poor prognosis of obesity (Frazier et al., 2011). With yet another way to 

investigate the gut microbiome of humans it may be hard to decipher what is 

important and what is not, with future studies it may be helpful to do both 16S 

rRNA, WGS and gene diversity measurements so studies can be analyzed 

across the board.  

 Yet another investigation into obesity and the human gut microbiome 

revealed that irrespective of microbial makeup, it was really increases in short 

chain fatty acid concentration (SCFA) that predicted obesity in humans 
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(Schwiertz et al., 2010). Obese volunteers had 20% increases in SCFA 

concentration in stool samples than their lean counterparts, with the greatest 

increase in propionate (Schwiertz et al., 2010). SCFA’s are a primary fuel for 

epithelial cells of the colon and can be used in other host metabolic processes for 

energy (Schwiertz et al., 2010). Stool SCFA concentration may play a role in 

controlling host metabolism and is the subject of future studies (Puertollano, 

Kolida, & Yaqoob, 2014). However, Schwiertz et al. (2010) did not take into 

account diet, exercise, and other lifestyle habits which may be correlated with 

SCFA production and obesity. So while SCFA concentration in stool correlates 

with obesity, causative effects have yet to be determined (Million et al., 2012). 

 Distal gut microbiota are responsible for utilizing calories from food that 

human enzymes alone cannot process, storing those calories into host fat for 

later use, as well as providing necessary nutrients for microbial self-preservation 

and growth (Frazier et al., 2011). The hypothesized mechanisms by which the 

microbiota may exert their influence on obesity include: inhibition of circulating 

lipoprotein lipase inhibitor, increased gut permeability leading to increased 

nutrient absorption, increased nutrient breakdown and concordant availability to 

the host, and host immune system interactions may all be potential mechanisms 

that influence the development and course of obesity (Bäckhed et al., 2007; 

Bashir, Louie, Shi, & Nagler-Anderson, 2004; Frazier et al., 2011; Ley et al., 

2006; Million et al., 2012; Schwiertz et al., 2010).  
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 Obesity is a worldwide problem (World Health Organization, 2013). The 

microbiome has been implicated in the genesis of obesity and potentially poses a 

good venue for therapeutic interventions (Fukuda & Ohno, 2014). With this in 

mind it is imperative that we explore possible therapeutic strategies while 

keeping patient safety in mind. 

SPECIFIC AIMS 

It is clearly evident that the human microbiome is strongly implicated in a 

variety of human diseases. While there have been multiple studies on ways to 

potentially alter the intestinal microbiome (Butel, 2013; Fallucca, Porrata, 

Fallucca, & Pianesi, 2014; K.-A. Kim, Gu, Lee, Joh, & Kim, 2012; Matuchansky, 

2014; F. Tsai & Coyle, 2009; Xu et al., 2014), this study aims to address the 

possible use of fecal microbiota transplants to alter the human intestinal 

microbiome in order to alleviate or cure diseases, while also assessing cost, 

feasibility, and safety. 
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PUBLISHED STUDIES 

2.0 What is a fecal microbiota transplant? 

 A fecal microbiota transplant (FMT) has also been known as fecal 

bacteriotherapy, fecal transplantation, transfaunation and human probiotic 

transplantation (Bakken et al., 2011). The concept behind FMT is that bacterial 

dysbiosis exists in the patient, usually due to some type of antibiotic insult, which 

leads to pathogenesis of certain disease states, notably C. difficile (Bakken et al., 

2011). By taking microbiota from a healthy donor and transplanting it into the 

recipient, the healthy flora can replace the diseased dysbiotic state (Bakken et 

al., 2011). Recipient preparation usually includes an abbreviated course of 

antibiotics followed by a colonoscopy flush (Bakken et al., 2011). Donor stool is 

usually collected fresh, blended into a suspension with saline, milk, or water, and 

then infused into the patient through nasogastric/nasoduodenal tubes, 

colonoscope, or using a retention enema (Bakken, 2009). 

2.1 Fecal microbiota transplants in Clostridium difficile infection (CDI) 

Two recent publications, a systematic-review of FMT and an overview of 

FMT for practitioners, provide an introduction to the use of FMT to treat CDI 

(Brandt & Aroniadis, 2013; Cammarota, Ianiro, & Gasbarrini, 2014). These 

sources were combined with searches on PubMed and Web of Science to look 

for any publications regarding FMT treating CDI with the last search being 

3/March/2014. Four new hits were added to Table 2 to describe the current 
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summary of research done on FMT and CDI. There were 41 studies that directly 

described the use of FMT to treat CDI, with 40 being case studies and only 1 

being a randomized controlled trial (Bowden, Mansberger, & Lykins, 1981; Brace, 

Gloor, Ropeleski, Allen-Vercoe, & Petrof, 2014; Brandt et al., 2012; Collins, 1960; 

Eiseman, Silen, Bascom, & Kauvar, 1958; Fenton, Stephenson, & Weder, 1974; 

Fløtterød & Hopen, 1991; Friedman-Moraco, Mehta, Lyon, & Kraft, 2014; 

Gallegos-Orozco, Paskvan-Gawryletz, Gurudu, & Orenstein, 2012; Garborg, 

Waagsbø, Stallemo, Matre, & Sundøy, 2010; Gustafsson, Berstad, Lund-

Tønnesen, Midtvedt, & Norin, 1999; Hamilton, Weingarden, Sadowsky, & 

Khoruts, 2012; Härkönen, 1996; Hellemans, Naegels, & Holvoet, 2009; Jorup-

Rönström et al., 2012; S. A. Kahn, Young, & Rubin, 2012; Kassam, Hundal, 

Marshall, & Lee, 2012; Khoruts, Dicksved, Jansson, & Sadowsky, 2010; Kleger 

et al., 2013; Lund-Tønnesen, Berstad, Schreiner, & Midtvedt, 1998; 

MacConnachie, Fox, Kennedy, & Seaton, 2009; Mattila et al., 2012; Nagy, 

Várvölgyi, & Paragh, 2012; Neemann et al., 2012; Nieuwdorp et al., 2008; 

Paterson, DL, 1994; Persky & Brandt, 2000; Polák et al., 2011; Quera, Espinoza, 

Estay, & Rivera, 2014; Rohlke, Surawicz, & Stollman, 2010; Rubin, Gessert, Aas, 

& Bakken, 2013; Russell, Kaplan, Ferraro, & Michelow, 2010; Schwan, Sjölin, 

Trottestam, & Aronsson, 1983; Shahinas et al., 2012; Silverman, Davis, & Pillai, 

2010; Trubiano et al., 2013; Tvede & Rask-Madsen, 1989; van Nood et al., 2013; 

Yoon & Brandt, 2010; You, Franzos, & Holman, 2008).   
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2.2 Analyzing the fecal microbiota transplant studies 

These studies were analyzed for numbers of patients with CDI treated with 

FMT, the average age and range of patients, whether or not the patients were 

experiencing recurrent bouts of CDI or if this was their first episode, the method 

used to deliver the FMT, the number of patients whose diarrhea resolved post 

FMT, the number that tested negative for C. Difficile toxin post FMT, whether or 

not the patients had received previous therapy (usually oral antibiotics) prior to 

FMT, and whether or not any adverse events were reported. These data were 

put into Table 1.  

The average patient age was 64 years old, with an age range of 1 to 94 

years old. There were studies that involved children (S. A. Kahn et al., 2012; 

Russell et al., 2010). The 41 studies spanned the globe but reflected an 

emphasis on Western countries, with the most number coming from the USA at 

15 (Table 1). A total of 569 patients have been treated with FMT in the selected 

literature. 

2.3 Methods of FMT used 

The method of infusing the FMT was varied between studies (Brandt & 

Aroniadis, 2013; Cammarota et al., 2014). 17 studies utilized colonoscopies, 13 

used enemas, 11 did some variety of naso-gastric/duodenal or endoscopy 

procedure, with only 2 using gastrostomy lines (Table 1). Colonoscopy was 

preferred by some for the ability to visualize the entire colon for other diseases, 
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as well as being able to access the entire colon for transferring the FMT 

(Cammarota et al., 2014). However, distal enema and nasogastric (NG) tubes 

were considered cheaper and less invasive than colonoscopy procedures 

(Bakken, 2009; Brandt & Aroniadis, 2013; Kassam et al., 2012). There has been 

no study that has compared the efficacy of using different routes of inoculation.  

Hamilton et al. (2012) were the only researchers who used frozen donor 

samples, with every other study using fresh stool samples. Polyethylene glycol 

bowel preparation was used in a minimum of three studies, including the 

randomized controlled study (van Nood et al., 2013). Observationally, there was 

a strong trend where patients would stop antibiotic treatment in preparation for 

their FMT (Bakken, 2009; Brandt & Aroniadis, 2013; Cammarota et al., 2014).  

There was no consensus amount of donor sample and infusion volume 

used between the studies, but Bakken (2009) does suggest quantities at 25-30 g 

of stool for upper gastrointestinal tract infusions and 200-300g for lower 

gastrointestinal infusions. 



 

35 
 

Table 1: Results from reviewing data on FMT related studies. 
Nr is not reported, diarrhea resolved is the number of people cured by FMTs. Appended from 
(Cammarota et al., 2014). 
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Table 1 (continued): Results from reviewing data on FMT related studies. Appended from 
(Cammarota et al., 2014). 
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Table 1 (continued): Results from reviewing data on FMT related studies. Appended from 
(Cammarota et al., 2014). 
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2.4 FMT safety 

Most studies described their procedures for screening donors, often 

testing for communicable diseases such as human immunodeficiency virus, 

Hepatitis A, B, C, sexually transmitted diseases, as well as common stool 

parasites such as Cryptosporidium and Giardia (Brandt & Aroniadis, 2013; 

Cammarota et al., 2014). In addition, donors usually were required not to have 

any current known digestive problems or have taken antibiotics in previous 

months (Brandt & Aroniadis, 2013; Cammarota et al., 2014). With such interest in 

FMT, a guide has been published on how FMT’s should be conducted, including 

minimum safety considerations that should be in place (Bakken, 2009). 

Common side effects reported were diarrhea, cramping, fatigue and 

belching (Brandt et al., 2012; van Nood et al., 2013). These symptoms often went 

away quickly, from a couple of hours to days (Brandt et al., 2012; van Nood et 

al., 2013). These symptoms were well tolerated (Brandt et al., 2012; van Nood et 

al., 2013). 

There has only been one serious adverse reaction to an FMT in published 

papers (Quera et al., 2014). A 61 year old patient with recurrent severe CDI, 

Crohn’s disease, and acute diverticulitis was evaluated for FMT after hospital 

admission due to his CDI relapse (Quera et al., 2014). After safety screening and 

following pre FMT protocol, the patient received a FMT, but within 24 hours 

developed a high grade fever and bacteremia (Quera et al., 2014). The patient 
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was treated with a course of antibiotics that cured his bacteremia, and 6 months 

post FMT he is C. difficile free when measured by PCR (Quera et al., 2014). 

In the only published long term FMT follow up study, there were four 

cases of patients reporting new adverse medical conditions after receiving a FMT 

(Brandt et al., 2012). These new conditions were unexplained and included 

peripheral neuropathy, Sjogren’s disease, idiopathic thrombocytopenic purpura, 

and rheumatoid arthritis (Brandt et al., 2012). In addition two patients reported 

improvement in their allergic sinusitis and arthritis post FMT (Brandt et al., 2012). 

2.5 Does fecal microbiota transplantation work in patients with CDI? 

 Almost all patients that underwent FMT were those who suffered from 

recurrent bouts of hard to treat CDI (Table 1). These patients are the hardest to 

treat with conventional therapeutic strategies, as each bout of CDI decreases the 

chances that a course of antibiotics will work (Dynamed, 2013). Antibiotic 

effectiveness drops to a 30% success rate in patients with recurrent CDI (Brandt 

& Aroniadis, 2013; Cammarota et al., 2014; Dynamed, 2013). However, the use 

of FMT has an average success rate of around 88% (Table 2). 

Table 2: FMT success rates per infusion method used.  
Resolution of CDI was categorized by absence of diarrhea post FMT. 

Infusion Method 
Number of 

Treated Patients 
CDI 

Resolved Percent success 

Colonoscopy 249 218 88% 

Naso-
gastric/duodenal/jejunal 

Tube 
230 199 87% 

Enema 89 80 90% 

All Methods 569 498 88% 
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Observationally, there seems to be no difference among success rates 

between the intervention groups. The only randomized controlled trial comparing 

the efficacy of FMT to vancomycin was stopped short at its interim analysis 

because the FMT was so effective it would have been unethical to continue 

treating patients with vancomycin (van Nood et al., 2013). FMT was seen as 

having a 94% overall cure rate compared to 31% for vancomycin (van Nood et 

al., 2013) In the long term follow up study, Brandt et al. (2012) reported that 97% 

patients were willing to undergo FMT again if they experienced another bout of 

CDI. Furthermore, 53% stated they would want FMT as a first line treatment 

instead of antibiotics (Brandt et al., 2012). This suggests that not only is FMT 

effective, but also very well tolerated among patients. 

2.6 FMT in patients with ulcerative colitis 

 While CDI is the basis for the bulk of FMT studies, there have been 

investigations into whether FMT can affect the outcome of ulcerative colitis, an 

inflammatory bowel disease (Borody, Warren, Leis, Surace, & Ashman, 2003). 

Six subjects with ulcerative colitis aged 25-53, who had suffered from ulcerative 

colitis less than 5 years with consistent recurrent symptoms, underwent FMT 

(Borody et al., 2003). Donors were healthy adults screened for most common 

pathogens and communicable diseases (Borody et al., 2003). Polyethylene 

glycol and oral antibiotics were used to prepare subjects before undergoing FMT 

by retention enema (Borody et al., 2003). The process was repeated for 5 days 
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straight, but by 1 week post FMT some patients were experiencing fewer 

symptoms of their ulcerative colitis (Borody et al., 2003). Four months post FMT, 

all six patients were free from all ulcerative colitis symptoms (Borody et al., 

2003). During follow up 1-13 years after FMT there is no evidence of the treated 

patients having ulcerative colitis (Borody et al., 2003).  

2.7 FMT in patients with metabolic syndrome 

 Metabolic syndrome is a disease of discordant energy utilization and 

storage (“Metabolic syndrome,” 2014). Diagnosis criteria requires both central 

obesity (waist circumference greater than 94 cm for European men) and at least 

two of the following: high serum triglycerides, low levels of high density 

lipoprotein cholesterol, high blood pressure, and high blood glucose levels (R. 

Kahn, Buse, Ferrannini, & Stern, 2005). 

 In a randomized controlled study, nine men with metabolic syndrome were 

selected to receive FMT from either lean donors or autologous donations (Vrieze 

et al., 2012). Subjects were blinded to which sample they were receiving (Vrieze 

et al., 2012). Insulin sensitivity was measured pre and 6 weeks post FMT using a 

“hyperinsulinemic euglycemic clamp”, the gold standard when measuring insulin 

sensitivity (Vrieze et al., 2012). Additionally, fecal samples and duodenal 

samples were taken pre and post FMT to reflect possible changes in the 

microbiota located in large intestine and small intestine locations (Vrieze et al., 

2012).  
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 Six weeks post FMT, there was a statistically significant improvement in 

insulin sensitivity in lean donor recipients when compared to the autologous 

recipients (Vrieze et al., 2012). There was no difference in resting energy 

expenditure, diet composition, or hormonal profile to explain this cause (Vrieze et 

al., 2012). When analyzing the diversity of the microbiota of participants post 

FMT, it was discovered that the gut microbial diversity increased drastically after 

receiving lean donor sample; however, there was no statistically difference in 

autologous sample recipients (Vrieze et al., 2012).  

DISCUSSION 

It is clear that fecal microbiota transplants are extremely effective, 

relatively cheap to do, and well tolerated by patients. After getting over the 

hurdles of having a donor screened and then provide the patient with a fresh 

sample, all a practitioner needs is some saline, a nasogastric tube with syringe, a 

strainer and a dedicated blender (Bakken, 2009). While it may be a little 

uncomfortable for the patient undergoing the colonoscopy cleanse before FMT, 

the resulting procedure is quick and the effects are almost immediate (Anderson, 

Edney, & Whelan, 2012; Bakken, 2009; Brandt & Aroniadis, 2013; Neemann et 

al., 2012). When comparing the alternative of having recurrent bouts of horrible 

diarrhea that may land a patient in the hospital versus one thirty minute 

procedure, it is clear that FMT should be at the forefront of treating CDI, and not 

a last resort. 
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However, caution must be exercised in interpreting the available data. To 

date, there has yet to be one well designed experiment that investigates what 

types of FMT are better others. There have been no systematic evaluations on 

whether colonoscopy, naso-gastro/duodenal/jejunal tubes, or retention enemas 

are any better than the other. In addition, there is no research on exactly how 

much fecal bacteria need to be transplanted to be effective, or whether a pre 

FMT colon cleanse is necessary, or beneficial. Furthermore, there was only one 

study that investigated the use of frozen donor samples in FMT, and it showed to 

be efficacious (Hamilton et al., 2012). It would be helpful for practitioners and 

donors alike, if screened healthy samples could be frozen and prepared ahead of 

time, so patients were not at the mercy of a donor’s digestive timetable. If 

preparing samples ahead of time is feasible, then effort should be made to find a 

single donor or a set of specific donors to potentially help control the variability in 

donor samples to allow conclusions on the effectiveness of specific donor FMTs.  

Furthermore, with the microbiome’s recent implication in a host of possible 

diseases such as diabetes, obesity, colon cancer, rheumatoid arthritis and 

autoimmunity, ulcerative colitis, metabolic syndrome, multiple sclerosis, 

fibromyalgia, and allergies, it should be imperative that practitioners do not rush 

into treating one disease while causing another (Abrahamsson et al., 2012, 2013; 

Brace et al., 2014; Butel, 2013; Fukuda & Ohno, 2014; Kverka & Tlaskalova-

Hogenova, 2013; Vrieze et al., 2012). It is extremely important that science and 

practice stay mindful of these possible connections and be extra vigilant in the 
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screening process of donors. One only needs to remember the large amounts of 

hemophiliacs infected with Human Immunodeficiency Virus during blood 

transfusions in the late 1970’s simply because the medical community did not 

know any better (“Contaminated haemophilia blood products,” 2014). It should 

also be of note that many of the diseases that are possibly linked to the 

microbiome are insidious in nature, with no clear cause or methodology (Brandt 

& Aroniadis, 2013; Hornig, 2013). In essence, while FMTs have few to no 

recorded adverse events in published literature to date, this does not mean there 

won’t be repercussions down the road (Brandt & Aroniadis, 2013; Cammarota et 

al., 2014; Quera et al., 2014). As the previous United States Secretary of 

Defense, Donald Rumsfeld, once said “… as we know, there are known knowns; 

there are things we know that we know. There are known unknowns; that is to 

say, there are things that we now know we don't know. But there are also 

unknown unknowns – there are things we do not know we don't know” (“There 

are known knowns,” 2014). 

This warning is also aimed towards antibiotics. Now that science knows 

the microbiome is not static and can change with differing insults, it is imperative 

that practitioners limit our use of antibiotics to true medical emergencies (Huse, 

Ye, Zhou, & Fodor, 2012; Shahinas et al., 2012; Theriot et al., 2014). Since 

bacteria are clearly big players in the host’s wellbeing, antibiotic genocide of its 

commensal organisms should not be taken lightly. Similar to the need of 
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investigating FMT further, studies involving antibiotics should look at the long 

term effects of Western cultures exuberant use of them (“Antimicrobial,” 2014).  

However, this is not to say that science should stop because it’s scared. 

With the multitude of disease states that have been associated with the human 

digestive microbiome, such as ulcerative colitis, irritable bowel disease and 

syndrome, C. difficile infections, Crohns disease, and esophageal cancer as well 

as the possible interplay with the immune system, which implicates the 

microbiome in rheumatoid arthritis, allergies, Parkinson’s disease, multiple 

sclerosis and chronic inflammation, we now have a new therapeutic approach, 

FMT, that is proven to change the microbiota of a recipient (Abrahamsson et al., 

2013; Borody et al., 2003; Brandt & Aroniadis, 2013; Critchfield, van Hemert, 

Ash, Mulder, & Ashwood, 2011; Crouzet et al., 2013; Kverka & Tlaskalova-

Hogenova, 2013; Shahinas et al., 2012). We now have more knowledge than we 

ever did, thanks to the scientists working on the Human Microbiome Project and 

metaHIT  

CONCLUSION 

 The human microbiome is an exciting new frontier that has the potential to 

open a completely new avenue of treatment and therapeutic targets for treating a 

wide range of potentially related diseases. The strides scientists have made in 

mapping out the genomes of the microbiota has been significant. With this new 

data, a range of disease states are being implicated with human microbiota 

dysbiosis. Fecal microbiota transplants are an easy, cheap, safe, and powerful 
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tool in altering a recipient’s microbiome. While research needs to be done to 

standardize and solidify FMT’s and prove its long term safety in treating CDI, the 

ability to use FMT to alter both CDI and other disease courses is an exciting 

possibility. 



 

47 
 

REFERENCES 

Aagaard, K., & Segars, J. (2014). What Is the Microbiome and How Do We Study 
It? Seminars in Reproductive Medicine, 32(01), 003–004. doi:10.1055/s-
0033-1361816 

Abrahamsson, T. R., Jakobsson, H. E., Andersson, A. F., Björkstén, B., 
Engstrand, L., & Jenmalm, M. C. (2012). Low diversity of the gut 
microbiota in infants with atopic eczema. Journal of Allergy and Clinical 
Immunology, 129(2), 434–440.e2. doi:10.1016/j.jaci.2011.10.025 

Abrahamsson, T. R., Jakobsson, H. E., Andersson, A. F., Björkstén, B., 
Engstrand, L., & Jenmalm, M. C. (2013). Low gut microbiota diversity in 
early infancy precedes asthma at school age. Clinical & Experimental 
Allergy, n/a–n/a. doi:10.1111/cea.12253 

Abubucker, S., Segata, N., Goll, J., Schubert, A. M., Izard, J., Cantarel, B. L., … 
Huttenhower, C. (2012). Metabolic Reconstruction for Metagenomic Data 
and Its Application to the Human Microbiome. Public Library of Science 
Computational Biology, 8(6). doi:10.1371/journal.pcbi.1002358 

Al-Sohaily, S., Biankin, A., Leong, R., Kohonen-Corish, M., & Warusavitarne, J. 
(2012). Molecular pathways in colorectal cancer. Journal of 
Gastroenterology and Hepatology, 27(9), 1423–1431. doi:10.1111/j.1440-
1746.2012.07200.x 

Anderson, J. L., Edney, R. J., & Whelan, K. (2012). Systematic review: faecal 
microbiota transplantation in the management of inflammatory bowel 
disease. Alimentary Pharmacology & Therapeutics, 36(6), 503–516. 
doi:10.1111/j.1365-2036.2012.05220.x 

Antimicrobial. (2014, February 28). In Wikipedia, the free encyclopedia. 
Retrieved from 
http://en.wikipedia.org/w/index.php?title=Antimicrobial&oldid=597535639 

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D. R., 
… Bork, P. (2011). Enterotypes of the human gut microbiome. Nature, 
473(7346), 174–180. doi:10.1038/nature09944 

Bäckhed, F., Ding, H., Wang, T., Hooper, L. V., Koh, G. Y., Nagy, A., … Gordon, 
J. I. (2004). The gut microbiota as an environmental factor that regulates 
fat storage. Proceedings of the National Academy of Sciences of the 
United States of America, 101(44), 15718–15723. 
doi:10.1073/pnas.0407076101 



 

48 
 

Bäckhed, F., Manchester, J. K., Semenkovich, C. F., & Gordon, J. I. (2007). 
Mechanisms underlying the resistance to diet-induced obesity in germ-free 
mice. Proceedings of the National Academy of Sciences, 104(3), 979–
984. doi:10.1073/pnas.0605374104 

Bakken, J. S. (2009). Fecal bacteriotherapy for recurrent Clostridium difficile 
infection. Anaerobe, 15(6), 285–289. doi:10.1016/j.anaerobe.2009.09.007 

Bakken, J. S., Borody, T., Brandt, L. J., Brill, J. V., Demarco, D. C., Franzos, M. 
A., … Surawicz, C. (2011). Treating Clostridium difficile Infection With 
Fecal Microbiota Transplantation. Clinical Gastroenterology and 
Hepatology, 9(12), 1044–1049. doi:10.1016/j.cgh.2011.08.014 

Balish, E., & Warner, T. (2002). Enterococcus faecalis Induces Inflammatory 
Bowel Disease in Interleukin-10 Knockout Mice. The American Journal of 
Pathology, 160(6), 2253–2257. doi:10.1016/S0002-9440(10)61172-8 

Bashir, M. E. H., Louie, S., Shi, H. N., & Nagler-Anderson, C. (2004). Toll-Like 
Receptor 4 Signaling by Intestinal Microbes Influences Susceptibility to 
Food Allergy. The Journal of Immunology, 172(11), 6978–6987. 

Borody, T. J., Warren, E. F., Leis, S., Surace, R., & Ashman, O. (2003). 
Treatment of Ulcerative Colitis Using Fecal Bacteriotherapy. Journal of 
Clinical Gastroenterology July 2003, 37(1), 42–47. 

Bowden, T. A., Jr, Mansberger, A. R., Jr, & Lykins, L. E. (1981). 
Pseudomembraneous enterocolitis: mechanism for restoring floral 
homeostasis. The American Surgeon, 47(4), 178–183. 

Brace, C., Gloor, G. B., Ropeleski, M., Allen-Vercoe, E., & Petrof, E. O. (2014). 
Microbial composition analysis of Clostridium difficile infections in an 
ulcerative colitis patient treated with multiple fecal microbiota 
transplantations. Journal of Crohn’s and Colitis. 
doi:10.1016/j.crohns.2014.01.020 

Brandt, L. J., & Aroniadis, O. C. (2013). An overview of fecal microbiota 
transplantation: techniques, indications, and outcomes. Gastrointestinal 
Endoscopy, 78(2), 240–249. doi:10.1016/j.gie.2013.03.1329 

Brandt, L. J., Aroniadis, O. C., Mellow, M., Kanatzar, A., Kelly, C., Park, T., … 
Surawicz, C. (2012). Long-Term Follow-Up of Colonoscopic Fecal 
Microbiota Transplant for Recurrent Clostridium difficile Infection. The 
American Journal of Gastroenterology, 107(7), 1079–1087. 
doi:10.1038/ajg.2012.60 



 

49 
 

Britton, R. A., & Young, V. B. (2014). Role of the Intestinal Microbiota in 
Resistance to Colonization by Clostridium difficle. Gastroenterology. 
doi:10.1053/j.gastro.2014.01.059 

Butel, M.-J. (2013). Probiotics, gut microbiota and health. Medecine et Maladies 
Infectieuses. doi:10.1016/j.medmal.2013.10.002 

Cammarota, G., Ianiro, G., & Gasbarrini, A. (2014). Fecal Microbiota 
Transplantation for the Treatment of Clostridium difficile Infection. Journal 
of Clinical Gastroenterology, 00(00). Retrieved from 
http://pdfs.journals.lww.com/jcge/9000/00000/Fecal_Microbiota_Transplan
tation_for_the_Treatment.98691.pdf 

Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., 
Strauss, J., … Holt, R. A. (2012). Fusobacterium nucleatum infection is 
prevalent in human colorectal carcinoma. Genome Research, 22(2), 299–
306. doi:10.1101/gr.126516.111 

Centers for Disease Control and Prevention. (2013, March 1). Clostridium difficile 
Infection - HAI. Healthcare-associated Infections (HAIs). Retrieved 
February 18, 2014, from 
http://www.cdc.gov/HAI/organisms/cdiff/Cdiff_infect.html 

Centers for Disease Control and Prevention. (2014, February 18). Colorectal 
(Colon) Cancer. Centers for Disease Control and Prevention. Retrieved 
March 1, 2014, from http://www.cdc.gov/cancer/colorectal/ 

Chen, G. Y., Shaw, M. H., Redondo, G., & Núñez, G. (2008). The Innate Immune 
Receptor Nod1 Protects the Intestine from Inflammation-Induced 
Tumorigenesis. Cancer Research, 68(24), 10060–10067. 
doi:10.1158/0008-5472.CAN-08-2061 

Chen, W., Liu, F., Ling, Z., Tong, X., & Xiang, C. (2012). Human Intestinal Lumen 
and Mucosa-Associated Microbiota in Patients with Colorectal Cancer. 
Public Library of Science ONE, 7(6), e39743. 
doi:10.1371/journal.pone.0039743 

Collado, M. C., Isolauri, E., Laitinen, K., & Salminen, S. (2008). Distinct 
composition of gut microbiota during pregnancy in overweight and normal-
weight women. The American Journal of Clinical Nutrition, 88(4), 894–899. 

Collins, D. C. (1960). Pseudomembranous enterocolitis. Further observations on 
the value of donor fecal enemata as an adjunct in the treatment of 



 

50 
 

pseudomembranous enterocolitis. American Journal of Proctology, 2, 
389–391. 

Connon, S. A., & Giovannoni, S. J. (2002). High-Throughput Methods for 
Culturing Microorganisms in Very-Low-Nutrient Media Yield Diverse New 
Marine Isolates. Applied and Environmental Microbiology, 68(8), 3878–
3885. doi:10.1128/AEM.68.8.3878-3885.2002 

Contaminated haemophilia blood products. (2014, February 26). In Wikipedia, 
the free encyclopedia. Retrieved from 
http://en.wikipedia.org/w/index.php?title=Contaminated_haemophilia_bloo
d_products&oldid=597187873 

Cotillard, A., Kennedy, S. P., Kong, L. C., Prifti, E., Pons, N., Le Chatelier, E., … 
ANR MicroObes consortium Members. (2013). Dietary intervention impact 
on gut microbial gene richness. Nature, 500(7464), 585–588. 
doi:10.1038/nature12480 

Critchfield, J. W., van Hemert, S., Ash, M., Mulder, L., & Ashwood, P. (2011). 
The Potential Role of Probiotics in the Management of Childhood Autism 
Spectrum Disorders. Gastroenterology Research and Practice, 2011. 
doi:10.1155/2011/161358 

Crouzet, L., Gaultier, E., Del’Homme, C., Cartier, C., Delmas, E., Dapoigny, M., 
… Bernalier-Donadille, A. (2013). The hypersensitivity to colonic 
distension of IBS patients can be transferred to rats through their fecal 
microbiota. Neurogastroenterology & Motility, 25(4), e272–e282. 
doi:10.1111/nmo.12103 

Cuevas-Ramos, G., Petit, C. R., Marcq, I., Boury, M., Oswald, E., & Nougayrède, 
J.-P. (2010). Escherichia coli induces DNA damage in vivo and triggers 
genomic instability in mammalian cells. Proceedings of the National 
Academy of Sciences, 107(25), 11537–11542. 
doi:10.1073/pnas.1001261107 

De Kok, T. M. C. M., & van Maanen, J. M. S. (2000). Evaluation of fecal 
mutagenicity and colorectal cancer risk. Mutation Research/Reviews in 
Mutation Research, 463(1), 53–101. doi:10.1016/S1383-5742(00)00003-X 

Deschner, E. E., Cohen, B. I., & Raicht, R. F. (1981). Acute and chronic effect of 
dietary cholic acid on colonic epithelial cell proliferation. Digestion, 21(6), 
290–296. 



 

51 
 

Duncan, S. H., Lobley, G. E., Holtrop, G., Ince, J., Johnstone, A. M., Louis, P., & 
Flint, H. J. (2008). Human colonic microbiota associated with diet, obesity 
and weight loss. International Journal of Obesity, 32(11), 1720–1724. 
doi:10.1038/ijo.2008.155 

Dynamed. (2013). Clostridium difficile infection. EBSCO Information Services. 
Retrieved from http://www.ebscohost.com.ezproxy.bu.edu/DynaMed/ 

Eiseman, B., Silen, W., Bascom, G. S., & Kauvar, A. J. (1958). Fecal enema as 
an adjunct in the treatment of pseudomembranous enterocolitis. Surgery, 
44(5), 854–859. 

Ellmerich, S., Djouder, N., Schöller, M., & Klein, J.-P. (2000). Production of 
Cytokines by Monocytes, Epithelial and Endothelial Cells Activated by 
Streptococcus Bovis. Cytokine, 12(1), 26–31. doi:10.1006/cyto.1999.0521 

Elsas, J. D. van. (1997). Modern Soil Microbiology. CRC Press. 

Engle, S. J., Ormsby, I., Pawlowski, S., Boivin, G. P., Croft, J., Balish, E., & 
Doetschman, T. (2002). Elimination of Colon Cancer in Germ-free 
Transforming Growth Factor Beta 1-deficient Mice. Cancer Research, 
62(22), 6362–6366. 

Erdman, S. E., Poutahidis, T., Tomczak, M., Rogers, A. B., Cormier, K., Plank, 
B., … Fox, J. G. (2003). CD4+ CD25+ Regulatory T Lymphocytes Inhibit 
Microbially Induced Colon Cancer in Rag2-Deficient Mice. The American 
Journal of Pathology, 162(2), 691–702. doi:10.1016/S0002-
9440(10)63863-1 

Fallucca, F., Porrata, C., Fallucca, S., & Pianesi, M. (2014). Influence of diet on 
gut microbiota, inflammation and type 2 diabetes mellitus. First experience 
with macrobiotic Ma-Pi 2 diet. Diabetes/Metabolism Research and 
Reviews, 30(S1), 48–54. doi:10.1002/dmrr.2518 

Fenton, S., Stephenson, D., & Weder, C. (1974). Pseudomembranous colitis 
associated with antibiotic therapy — an emerging entity. Canadian 
Medical Association Journal, 111(10), 1110. 

Fløtterød, O., & Hopen, G. (1991). [Refractory Clostridium difficile infection. 
Untraditional treatment of antibiotic-induced colitis]. Tidsskrift for den 
Norske lægeforening: tidsskrift for praktisk medicin, ny række, 111(11), 
1364–1365. 



 

52 
 

Frazier, T. H., DiBaise, J. K., & McClain, C. J. (2011). Gut Microbiota, Intestinal 
Permeability, Obesity-Induced Inflammation, and Liver Injury. Journal of 
Parenteral and Enteral Nutrition, 35(5 suppl), 14S–20S. 
doi:10.1177/0148607111413772 

Friedman-Moraco, R. J., Mehta, A. K., Lyon, G. M., & Kraft, C. S. (2014). Fecal 
Microbiota Transplantation for Refractory Clostridium difficile Colitis in 
Solid Organ Transplant Recipients. American Journal of Transplantation, 
14(2), 477–480. doi:10.1111/ajt.12577 

Fukuda, S., & Ohno, H. (2014). Gut microbiome and metabolic diseases. 
Seminars in Immunopathology, 36(1), 103–114. doi:10.1007/s00281-013-
0399-z 

Gallegos-Orozco, J. F., Paskvan-Gawryletz, C. D., Gurudu, S. R., & Orenstein, 
R. (2012). Successful colonoscopic fecal transplant for severe acute 
Clostridium difficile pseudomembranous colitis. Revista de 
Gastroenterología de México, 77(1), 40–42. 

Garborg, K., Waagsbø, B., Stallemo, A., Matre, J., & Sundøy, A. (2010). Results 
of faecal donor instillation therapy for recurrent Clostridium difficile-
associated diarrhoea. Scandinavian Journal of Infectious Diseases, 42(11-
12), 857–861. doi:10.3109/00365548.2010.499541 

Gill, C. I. R., & Rowland, I. R. (2002). Diet and cancer: assessing the risk. The 
British Journal of Nutrition, 88 Suppl 1, S73–87. doi:10.1079/BJN2002632 

Gold JS, Bayar S, & Salem RR. (2004). ASsociation of streptococcus bovis 
bacteremia with colonic neoplasia and extracolonic malignancy. Archives 
of Surgery, 139(7), 760–765. doi:10.1001/archsurg.139.7.760 

Gråsten, S. M., Juntunen, K. S., Poutanen, K. S., Gylling, H. K., Miettinen, T. A., 
& Mykkänen, H. M. (2000). Rye Bread Improves Bowel Function and 
Decreases the Concentrations of Some Compounds That Are Putative 
Colon Cancer Risk Markers in Middle-Aged Women and Men. The Journal 
of Nutrition, 130(9), 2215–2221. 

Gustafsson, A., Berstad, A., Lund-Tønnesen, S., Midtvedt, T., & Norin, E. (1999). 
The Effect of Faecal Enema on Five Microflora-Associated Characteristics 
in Patients with Antibiotic-Associated Diarrhoea. Scandinavian Journal of 
Gastroenterology, 34(6), 580–586. doi:10.1080/003655299750026038 

Hamilton, M. J., Weingarden, A. R., Sadowsky, M. J., & Khoruts, A. (2012). 
Standardized Frozen Preparation for Transplantation of Fecal Microbiota 



 

53 
 

for Recurrent Clostridium difficile Infection. The American Journal of 
Gastroenterology, 107(5), 761–767. doi:10.1038/ajg.2011.482 

Härkönen, N. (1996). [Reccurent pseudomembranous colitis treated with the 
donor feces]. Duodecim; lääketieteellinen aikakauskirja, 112(19), 1803–
1804. 

Hellemans, R., Naegels, S., & Holvoet, J. (2009). Fecal transplantation for 
recurrent Clostridium difficile colitis, an underused treatment modality. 
Acta Gastro-Enterologica Belgica, 72(2), 269–270. 

Hildebrandt, M. A., Hoffmann, C., Sherrill–Mix, S. A., Keilbaugh, S. A., Hamady, 
M., Chen, Y., … Wu, G. D. (2009). High-Fat Diet Determines the 
Composition of the Murine Gut Microbiome Independently of Obesity. 
Gastroenterology, 137(5), 1716–1724.e2. 
doi:10.1053/j.gastro.2009.08.042 

Hope, M. E., Hold, G. L., Kain, R., & El-Omar, E. M. (2005). Sporadic colorectal 
cancer – role of the commensal microbiota. Federation of European 
Microbiological Societies Microbiology Letters, 244(1), 1–7. 
doi:10.1016/j.femsle.2005.01.029 

Hornig, M. (2013). The role of microbes and autoimmunity in the pathogenesis of 
neuropsychiatric illness. Current Opinion in Rheumatology, 25(4), 488–
795. doi:10.1097/BOR.0b013e32836208de 

Hugenholtz, P. (2002). Exploring prokaryotic diversity in the genomic era. 
Genome Biology, 3(2), reviews0003. doi:10.1186/gb-2002-3-2-
reviews0003 

Human Microbiome Project (HMP) Metagenome Projects (ID 43017) - BioProject 
- NCBI. (2014, February 1). Retrieved February 1, 2014, from http://www-
ncbi-nlm-nih-gov.ezproxy.bu.edu/bioproject/43017 

Human Microbiome Project DACC - HMP Project Catalog. (2014, February 1). 
Retrieved February 1, 2014, from http://www.hmpdacc.org/catalog/ 

Human Microbiome Project DACC - HMRGD. (2014, February 1). Retrieved 
February 2, 2014, from 
http://www.hmpdacc.org/catalog/grid.php?dataset=genomic 

Human Microbiome Project DACC - Microbiome Analyses. (2014, February 2). 
Retrieved February 2, 2014, from 
http://www.hmpdacc.org/micro_analysis/microbiome_analyses.php 



 

54 
 

Huse, S. M., Ye, Y., Zhou, Y., & Fodor, A. A. (2012). A core human microbiome 
as viewed through 16S rRNA sequence clusters. Public Library of Science 
One, 7(6), e34242. doi:10.1371/journal.pone.0034242 

Jorup-Rönström, C., Håkanson, A., Sandell, S., Edvinsson, O., Midtvedt, T., 
Persson, A.-K., & Norin, E. (2012). Fecal transplant against relapsing 
Clostridium difficile-associated diarrhea in 32 patients. Scandinavian 
Journal of Gastroenterology, 47(5), 548–552. 
doi:10.3109/00365521.2012.672587 

Kado, S., Uchida, K., Funabashi, H., Iwata, S., Nagata, Y., Ando, M., … 
Morotomi, M. (2001). Intestinal Microflora Are Necessary for Development 
of Spontaneous Adenocarcinoma of the Large Intestine in T-Cell Receptor 
β Chain and p53 Double-Knockout Mice. Cancer Research, 61(6), 2395–
2398. 

Kahn, R., Buse, J., Ferrannini, E., & Stern, M. (2005). The metabolic syndrome. 
Lancet, 366(9501), 1921–1922. doi:10.1016/S0140-6736(05)67778-1 

Kahn, S. A., Young, S., & Rubin, D. T. (2012). Colonoscopic Fecal Microbiota 
Transplant for Recurrent Clostridium difficile Infection in a Child. The 
American Journal of Gastroenterology, 107(12), 1930–1931. 
doi:10.1038/ajg.2012.351 

Kalliomäki, M., Collado, M. C., Salminen, S., & Isolauri, E. (2008). Early 
differences in fecal microbiota composition in children may predict 
overweight. The American Journal of Clinical Nutrition, 87(3), 534–538. 

Kassam, Z., Hundal, Marshall, J., & Lee, C. (2012). Fecal transplant via retention 
enema for refractory or recurrent clostridium difficile infection. Archives of 
Internal Medicine, 172(2), 191–193. doi:10.1001/archinte.172.2.191 

Khoruts, A., Dicksved, J., Jansson, J. K., & Sadowsky, M. J. (2010). Changes in 
the Composition of the Human Fecal Microbiome After Bacteriotherapy for 
Recurrent Clostridium difficile-associated Diarrhea. Journal of Clinical 
Gastroenterology May, 44(5), 354–360. 
doi:10.1097/MCG.0b013e3181c87e02 

Kim, D.-H., & Jin, Y.-H. (2001). Intestinal bacterial β-glucuronidase activity of 
patients with colon cancer. Archives of Pharmacal Research, 24(6), 564–
567. doi:10.1007/BF02975166 

Kim, K.-A., Gu, W., Lee, I.-A., Joh, E.-H., & Kim, D.-H. (2012). High Fat Diet-
Induced Gut Microbiota Exacerbates Inflammation and Obesity in Mice via 



 

55 
 

the TLR4 Signaling Pathway. Public Library of Science ONE, 7(10), 
e47713. doi:10.1371/journal.pone.0047713 

Kleger, A., Schnell, J., Essig, A., Wagner, M., Bommer, M., Seufferlein, T., & 
Härter, G. (2013). Fecal transplant in refractory Clostridium difficile colitis. 
Deutsches Ärzteblatt International, 110(7), 108–115. 
doi:10.3238/arztebl.2013.0108 

Kostic, A. D., Gevers, D., Pedamallu, C. S., Michaud, M., Duke, F., Earl, A. M., 
… Meyerson, M. (2012). Genomic analysis identifies association of 
Fusobacterium with colorectal carcinoma. Genome Research, 22(2), 292–
298. doi:10.1101/gr.126573.111 

Kverka, M., & Tlaskalova-Hogenova, H. (2013). Two faces of microbiota in 
inflammatory and autoimmune diseases: triggers and drugs. Acta 
Pathologica, Microbiologica Et Immunologica Scandinavica, 121(5), 403+. 

Lawley, T. D., Clare, S., Walker, A. W., Stares, M. D., Connor, T. R., Raisen, C., 
… Dougan, G. (2012). Targeted Restoration of the Intestinal Microbiota 
with a Simple, Defined Bacteriotherapy Resolves Relapsing Clostridium 
difficile Disease in Mice. Public Library of Science Pathology, 8(10), 
e1002995. doi:10.1371/journal.ppat.1002995 

Le Chatelier, E., Nielsen, T., Qin, J., Prifti, E., Hildebrand, F., Falony, G., … 
MetaHIT consortium additional Members. (2013). Richness of human gut 
microbiome correlates with metabolic markers. Nature, 500(7464), 541–
546. doi:10.1038/nature12506 

Lee, J. W., Kim, E. H., Yim, I. B., & Joo, H. G. (2004). Immunomodulatory and 
antitumor effects in vivo by the cytoplasmic fraction of Lactobacillus casei 
and Bifidobacterium longum. Journal of Veterinary Science, 5(1), 41–48. 

Ley, R. E., Bäckhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., & 
Gordon, J. I. (2005). Obesity alters gut microbial ecology. Proceedings of 
the National Academy of Sciences of the United States of America, 
102(31), 11070–11075. doi:10.1073/pnas.0504978102 

Ley, R. E., Turnbaugh, P. J., Klein, S., & Gordon, J. I. (2006). Microbial ecology: 
Human gut microbes associated with obesity. Nature, 444(7122), 1022–
1023. doi:10.1038/4441022a 

Li, K., Bihan, M., Yooseph, S., & Methe, B. A. (2012). Analyses of the Microbial 
Diversity across the Human Microbiome. Public Library of Science ONE, 
7(6). doi:10.1371/journal.pone.0032118 



 

56 
 

Lund-Tønnesen, S., Berstad, A., Schreiner, A., & Midtvedt, T. (1998). 
[Clostridium difficile-associated diarrhea treated with homologous feces]. 
Tidsskrift for den Norske lægeforening: tidsskrift for praktisk medicin, ny 
række, 118(7), 1027–1030. 

MacConnachie, A. A., Fox, R., Kennedy, D. R., & Seaton, R. A. (2009). Faecal 
transplant for recurrent Clostridium difficile-associated diarrhoea: a UK 
case series. Quarterly Journal of Medicine, 102(11), 781–784. 
doi:10.1093/qjmed/hcp118 

Marchesi, J. R., Dutilh, B. E., Hall, N., Peters, W. H. M., Roelofs, R., Boleij, A., & 
Tjalsma, H. (2011). Towards the Human Colorectal Cancer Microbiome. 
Public Library of Science ONE, 6(5), e20447. 
doi:10.1371/journal.pone.0020447 

Marteau, P. R., Vrese, M. de, Cellier, C. J., & Schrezenmeir, J. (2001). Protection 
from gastrointestinal diseases with the use of probiotics. The American 
Journal of Clinical Nutrition, 73(2), 430s–436s. 

Mattila, E., Uusitalo–Seppälä, R., Wuorela, M., Lehtola, L., Nurmi, H., 
Ristikankare, M., … Arkkila, P. (2012). Fecal Transplantation, Through 
Colonoscopy, Is Effective Therapy for Recurrent Clostridium difficile 
Infection. Gastroenterology, 142(3), 490–496. 
doi:10.1053/j.gastro.2011.11.037 

Matuchansky, C. (2014). Fecal microbiota after gastric bypass in human obesity. 
The American Journal of Clinical Nutrition, 99(3), 649–650. 
doi:10.3945/ajcn.113.078139 

McIntosh, G. H., Royle, P. J., & Playne, M. J. (1999). A Probiotic Strain of L. 
Acidophilus Reduces DMH-Induced Large Intestinal Tumors in Male 
Sprague-Dawley Rats. Nutrition and Cancer, 35(2), 153–159. 
doi:10.1207/S15327914NC352_9 

Merrigan, M., Sambol, S., Johnson, S., & Gerding, D. N. (2003). Susceptibility of 
hamsters to human pathogenic Clostridium difficile strain B1 following 
clindamycin, ampicillin or ceftriaxone administration. Anaerobe, 9(2), 91–
95. doi:10.1016/S1075-9964(03)00063-5 

Metabolic syndrome. (2014, March 7). In Wikipedia, the free encyclopedia. 
Retrieved from 
http://en.wikipedia.org/w/index.php?title=Metabolic_syndrome&oldid=5985
71336 



 

57 
 

Methe, B. A., Nelson, K. E., Pop, M., Creasy, H. H., Giglio, M. G., Huttenhower, 
C., … White, O. (2012). A framework for human microbiome research. 
Nature, 486(7402), 215–221. doi:10.1038/nature11209 

Million, M., Maraninchi, M., Henry, M., Armougom, F., Richet, H., Carrieri, P., … 
Raoult, D. (2012). Obesity-associated gut microbiota is enriched in 
Lactobacillus reuteri and depleted in Bifidobacterium animalis and 
Methanobrevibacter smithii. International Journal of Obesity (2005), 36(6), 
817–825. doi:10.1038/ijo.2011.153 

Mills, D. K., Entry, J. A., Voss, J. D., Gillevet, P. M., & Mathee, K. (2006). An 
assessment of the hypervariable domains of the 16S rRNA genes for their 
value in determining microbial community diversity: the paradox of 
traditional ecological indices. Federation of European Microbiological 
Societies Microbiology Ecology, 57(3), 496–503. doi:10.1111/j.1574-
6941.2006.00135.x 

Moore, W. E., & Moore, L. H. (1995). Intestinal floras of populations that have a 
high risk of colon cancer. Applied and Environmental Microbiology, 61(9), 
3202. 

Mullard, A. (2008). Microbiology: The inside story. Nature News, 453(7195), 578–
580. doi:10.1038/453578a 

Nagy, G. G., Várvölgyi, C., & Paragh, G. (2012). [Successful treatment of life-
threatening, treatment resistant Clostridium difficile infection associated 
pseudomembranous colitis with faecal transplantation]. Orvosi hetilap, 
153(52), 2077–2083. doi:10.1556/OH.2012.29509 

Nakamura, J., Kubota, Y., Miyaoka, M., Saitoh, T., Mizuno, F., & Benno, Y. 
(2002). Comparison of four microbial enzymes in Clostridia and 
Bacteroides isolated from human feces. Microbiology and Immunology, 
46(7), 487–490. 

National Institute of Health. (2014, January 10). Human Microbiome Project - 
Overview. Retrieved January 27, 2014, from 
http://commonfund.nih.gov/hmp/overview 

Neemann, K., Eichele, D. d., Smith, P. w., Bociek, R., Akhtari, M., & Freifeld, A. 
(2012). Fecal microbiota transplantation for fulminant Clostridium difficile 
infection in an allogeneic stem cell transplant patient. Transplant Infectious 
Disease, 14(6), E161–E165. doi:10.1111/tid.12017 



 

58 
 

Ng, K. M., Ferreyra, J. A., Higginbottom, S. K., Lynch, J. B., Kashyap, P. C., 
Gopinath, S., … Sonnenburg, J. L. (2013). Microbiota-liberated host 
sugars facilitate post-antibiotic expansion of enteric pathogens. Nature, 
502(7469), 96–99. doi:10.1038/nature12503 

Nieuwdorp, M., van Nood, E., Speelman, P., van Heukelem, H. A., Jansen, J. M., 
Visser, C. E., … Keller, J. J. (2008). [Treatment of recurrent Clostridium 
difficile-associated diarrhoea with a suspension of donor faeces]. 
Nederlands tijdschrift voor geneeskunde, 152(35), 1927–1932. 

NIH Human Microbiome Project defines normal bacterial makeup of the body. 
(2013, July 18). National Institutes of Health. Retrieved February 1, 2014, 
from http://www.nih.gov/news/health/jun2012/nhgri-13.htm 

Owen, R. W. (1997). Faecal steroids and colorectal carcinogenesis. 
Scandinavian Journal of Gastroenterology. Supplement, 222, 76–82. 

Paterson, DL. (1994). Putting back the bugs: bacterial treatment relieves chronic 
diarrhoea. Medical Journal of Australia. 

Peek, R. M., & Blaser, M. J. (2002). Helicobacter pylori and gastrointestinal tract 
adenocarcinomas. Nature Reviews Cancer, 2(1), 28–37. 
doi:10.1038/nrc703 

Pei, Z., Bini, E. J., Yang, L., Zhou, M., Francois, F., & Blaser, M. J. (2004). 
Bacterial biota in the human distal esophagus. Proceedings of the 
National Academy of Sciences, 101(12), 4250–4255. 
doi:10.1073/pnas.0306398101 

Persky, S. E., & Brandt, L. J. (2000). Treatment of recurrent Clostridium difficile–
associated diarrhea by administration of donated stool directly through a 
colonoscope. The American Journal of Gastroenterology, 95(11), 3283–
3285. doi:10.1111/j.1572-0241.2000.03302.x 

Poirier, P., Giles, T. D., Bray, G. A., Hong, Y., Stern, J. S., Pi-Sunyer, F. X., & 
Eckel, R. H. (2006). Obesity and Cardiovascular Disease 
Pathophysiology, Evaluation, and Effect of Weight Loss. Arteriosclerosis, 
Thrombosis, and Vascular Biology, 26(5), 968–976. 
doi:10.1161/01.ATV.0000216787.85457.f3 

Polák, P., Freibergerová, M., Juránková, J., Kocourková, H., Mikešová, L., 
Svačina, R., & Husa, P. (2011). [First experiences with faecal 
bacteriotherapy in the treatment of relapsing pseudomembranous colitis 



 

59 
 

due to Clostridium difficile]. Klinická mikrobiologie a infekc̆ní lékar̆ství, 
17(6), 214–217. 

Proctor, L. M. (2011). The Human Microbiome Project in 2011 and Beyond. Cell 
Host & Microbe, 10(4), 287–291. doi:10.1016/j.chom.2011.10.001 

Puertollano, E., Kolida, S., & Yaqoob, P. (2014). Biological significance of short-
chain fatty acid metabolism by the intestinal microbiome. Current Opinion 
in Clinical Nutrition and Metabolic Care, 17(2), 139–144. 
doi:10.1097/MCO.0000000000000025 

Quera, R., Espinoza, R., Estay, C., & Rivera, D. (2014). Bacteremia as an 
adverse event of fecal microbiota transplantation in a patient with Crohn’s 
disease and recurrent Clostridium difficile infection. Journal of Crohn’s and 
Colitis, 8(3), 252–253. doi:10.1016/j.crohns.2013.10.002 

Rea, M. C., O’Sullivan, O., Shanahan, F., O’Toole, P. W., Stanton, C., Ross, R. 
P., & Hill, C. (2012). Clostridium difficile Carriage in Elderly Subjects and 
Associated Changes in the Intestinal Microbiota. Journal of Clinical 
Microbiology, 50(3), 867–875. doi:10.1128/JCM.05176-11 

Reddy, B. S., Mangat, S., Weisburger, J. H., & Wynder, E. L. (1977). Effect of 
High-Risk Diets for Colon Carcinogenesis on Intestinal Mucosal and 
Bacterial β-Glucuronidase Activity in F344 Rats. Cancer Research, 37(10), 
3533–3536. 

Reeves, A. E., Koenigsknecht, M. J., Bergin, I. L., & Young, V. B. (2012). 
Suppression of Clostridium difficile in the Gastrointestinal Tracts of 
Germfree Mice Inoculated with a Murine Isolate from the Family 
Lachnospiraceae. Infection and Immunity, 80(11), 3786–3794. 
doi:10.1128/IAI.00647-12 

Riley, L. W., Raphael, E., & Faerstein, E. (2013). Obesity in the United States - 
dysbiosis from exposure to low-dose antibiotics? Frontiers in Public 
Health, 1, 69. doi:10.3389/fpubh.2013.00069 

Rohlke, F., Surawicz, C. M., & Stollman, N. (2010). Fecal Flora Reconstitution for 
Recurrent Clostridium difficile Infection: Results and Methodology. Journal 
of Clinical Gastroenterology September 2010, 44(8), 567–570. 
doi:10.1097/MCG.0b013e3181dadb10 

Rowland, I. R., Bearne, C. A., Fischer, R., & Pool‐Zobel, B. L. (1996). The effect 
of lactulose on DNA damage induced by DMH in the colon of human flora‐



 

60 
 

associated rats. Nutrition and Cancer, 26(1), 37–47. 
doi:10.1080/01635589609514461 

Rubin, T. A., Gessert, C. E., Aas, J., & Bakken, J. S. (2013). Fecal microbiome 
transplantation for recurrent Clostridium difficile infection: Report on a 
case series. Anaerobe, 19, 22–26. doi:10.1016/j.anaerobe.2012.11.004 

Russell, G., Kaplan, J., Ferraro, M., & Michelow, I. C. (2010). Fecal 
Bacteriotherapy for Relapsing Clostridium difficile Infection in a Child: A 
Proposed Treatment Protocol. Pediatrics, 126(1), e239–e242. 
doi:10.1542/peds.2009-3363 

Sambol, S. P., Merrigan, M. M., Tang, J. K., Johnson, S., & Gerding, D. N. 
(2002). Colonization for the Prevention of Clostridium difficile Disease in 
Hamsters. Journal of Infectious Diseases, 186(12), 1781–1789. 
doi:10.1086/345676 

Santacruz, A., Marcos, A., Wärnberg, J., Martí, A., Martin-Matillas, M., Campoy, 
C., … Group, E. S. (2009). Interplay Between Weight Loss and Gut 
Microbiota Composition in Overweight Adolescents. Obesity, 17(10), 
1906–1915. doi:10.1038/oby.2009.112 

Schloss, P. D., Gevers, D., & Westcott, S. L. (2011). Reducing the Effects of 
PCR Amplification and Sequencing Artifacts on 16S rRNA-Based Studies. 
Public Library of Science ONE, 6(12). doi:10.1371/journal.pone.0027310 

Schwan, A., Sjölin, S., Trottestam, U., & Aronsson, B. (1983). Relapsing 
clostridium difficile enterocolitis cured by rectal infusion of homologous 
faeces. Lancet, 2(8354), 845. 

Schwiertz, A., Taras, D., Schäfer, K., Beijer, S., Bos, N. A., Donus, C., & Hardt, 
P. D. (2010). Microbiota and SCFA in Lean and Overweight Healthy 
Subjects. Obesity, 18(1), 190–195. doi:10.1038/oby.2009.167 

Sears, C. L., & Pardoll, D. M. (2011). Perspective: Alpha-Bugs, Their Microbial 
Partners, and the Link to Colon Cancer. Journal of Infectious Diseases, 
203(3), 306–311. doi:10.1093/jinfdis/jiq061 

Shahinas, D., Silverman, M., Sittler, T., Chiu, C., Kim, P., Allen-Vercoe, E., … 
Pillai, D. R. (2012). Toward an Understanding of Changes in Diversity 
Associated with Fecal Microbiome Transplantation Based on 16S rRNA 
Gene Deep Sequencing. mBio, 3(5), e00338–12. 
doi:10.1128/mBio.00338-12 



 

61 
 

Shen, X. J., Rawls, J. F., Randall, T. A., Burcall, L., Mpande, C., Jenkins, N., … 
Keku, T. O. (2010). Molecular characterization of mucosal adherent 
bacteria and associations with colorectal adenomas. Gut Microbes, 1(3), 
138–147. doi:10.4161/gmic.1.3.12360 

Shim, J. K., Johnson, S., Samore, M. H., Bliss, D. Z., & Gerding, D. N. (1998). 
Primary symptomless colonisation by Clostridium difficile and decreased 
risk of subsequent diarrhoea. The Lancet, 351(9103), 633–636. 
doi:10.1016/S0140-6736(97)08062-8 

Shoelson, S. E., Herrero, L., & Naaz, A. (2007). Obesity, Inflammation, and 
Insulin Resistance. Gastroenterology, 132(6), 2169–2180. 
doi:10.1053/j.gastro.2007.03.059 

Silverman, M. S., Davis, I., & Pillai, D. R. (2010). Success of self-administered 
home fecal transplantation for chronic Clostridium difficile infection. 
Clinical Gastroenterology and Hepatology: The Official Clinical Practice 
Journal of the American Gastroenterological Association, 8(5), 471–473. 
doi:10.1016/j.cgh.2010.01.007 

Stiemsma, L. T., Turvey, S. E., & Finlay, B. B. (2014). An antibiotic-altered 
microbiota provides fuel for the enteric foe. Cell Research, 24(1), 5–6. 
doi:10.1038/cr.2013.142 

Swidsinski, A., Khilkin, M., Kerjaschki, D., Schreiber, S., Ortner, M., Weber, J., & 
Lochs, H. (1998). Association between intraepithelial Escherichia coli and 
colorectal cancer. Gastroenterology, 115(2), 281–286. doi:10.1016/S0016-
5085(98)70194-5 

Takaku, K., Oshima, M., Miyoshi, H., Matsui, M., Seldin, M. F., & Taketo, M. M. 
(1998). Intestinal Tumorigenesis in Compound Mutant Mice of both 
Dpc4(Smad4) and Apc Genes. Cell, 92(5), 645–656. doi:10.1016/S0092-
8674(00)81132-0 

The Human Microbiome Project Consortium. (2012). Structure, function and 
diversity of the healthy human microbiome. Nature, 486(7402), 207–214. 
doi:10.1038/nature11234 

The NIH HMP Working Group, Peterson, J., Giovanni, M., McInnes, P., Wang, L., 
Schloss, J. A., … Guyer, M. (2009). The NIH Human Microbiome Project. 
Genome Research, 19(12), 2317–2323. doi:10.1101/gr.096651.109 

There are known knowns. (2014, February 22). In Wikipedia, the free 
encyclopedia. Retrieved from 



 

62 
 

http://en.wikipedia.org/w/index.php?title=There_are_known_knowns&oldid
=594790183 

Theriot, C. M., Koenigsknecht, M. J., Carlson Jr, P. E., Hatton, G. E., Nelson, A. 
M., Li, B., … Young, V. B. (2014). Antibiotic-induced shifts in the mouse 
gut microbiome and metabolome increase susceptibility to Clostridium 
difficile infection. Nature Communications, 5. doi:10.1038/ncomms4114 

Trubiano, J. A., Gardiner, B., Kwong, J. C., Ward, P., Testro, A. G., & Charles, P. 
G. P. (2013). Faecal microbiota transplantation for severe Clostridium 
difficile infection in the intensive care unit. European Journal of 
Gastroenterology & Hepatology, 25(2), 255–257. 
doi:10.1097/MEG.0b013e32835b2da9 

Tsai, F., & Coyle, W. J. (2009). The microbiome and obesity: Is obesity linked to 
our gut flora? Current Gastroenterology Reports, 11(4), 307–313. 
doi:10.1007/s11894-009-0045-z 

Tsai, Y.-T., Cheng, P.-C., & Pan, T.-M. (2014). Anti-obesity effects of gut 
microbiota are associated with lactic acid bacteria. Applied Microbiology 
and Biotechnology, 98(1), 1–10. doi:10.1007/s00253-013-5346-3 

Turnbaugh, P. J., Bäckhed, F., Fulton, L., & Gordon, J. I. (2008). Diet-Induced 
Obesity Is Linked to Marked but Reversible Alterations in the Mouse Distal 
Gut Microbiome. Cell Host & Microbe, 3(4), 213–223. 
doi:10.1016/j.chom.2008.02.015 

Turnbaugh, P. J., Hamady, M., Yatsunenko, T., Cantarel, B. L., Duncan, A., Ley, 
R. E., … Gordon, J. I. (2009). A core gut microbiome in obese and lean 
twins. Nature, 457(7228), 480–484. doi:10.1038/nature07540 

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., & 
Gordon, J. I. (2006). An obesity-associated gut microbiome with increased 
capacity for energy harvest. Nature, 444(7122), 1027–131. 
doi:10.1038/nature05414 

Tvede, M., & Rask-Madsen, J. (1989). Bacteriotherapy for chronic relapsing 
Clostridium difficile diarrhoea in six patients. The Lancet, 333(8648), 
1156–1160. doi:10.1016/S0140-6736(89)92749-9 

Van Nood, E., Vrieze, A., Nieuwdorp, M., Fuentes, S., Zoetendal, E. G., de Vos, 
W. M., … Keller, J. J. (2013). Duodenal Infusion of Donor Feces for 
Recurrent Clostridium difficile. New England Journal of Medicine, 368(5), 
407–415. doi:10.1056/NEJMoa1205037 



 

63 
 

Verhelst, R., Verstraelen, H., Claeys, G., Verschraegen, G., Delanghe, J., Van 
Simaey, L., … Vaneechoutte, M. (2004). Cloning of 16S rRNA genes 
amplified from normal and disturbed vaginal microflora suggests a strong 
association between Atopobium vaginae, Gardnerella vaginalis and 
bacterial vaginosis. BioMed Central Microbiology, 4(1), 16. 

Vrieze, A., Van Nood, E., Holleman, F., Salojärvi, J., Kootte, R. S., Bartelsman, J. 
F. W. M., … Nieuwdorp, M. (2012). Transfer of Intestinal Microbiota From 
Lean Donors Increases Insulin Sensitivity in Individuals With Metabolic 
Syndrome. Gastroenterology, 143(4), 913–916.e7. 
doi:10.1053/j.gastro.2012.06.031 

Weng, L., Rubin, E. M., & Bristow, J. (2006). Application of sequence-based 
methods in human microbial ecology. Genome Research, 16(3), 316–322. 
doi:10.1101/gr.3676406 

World Health Organization. (2013, March). Obesity and overweight. World Health 
Organization. Retrieved February 24, 2014, from 
http://www.who.int/mediacentre/factsheets/fs311/en/ 

Xu, D., Gao, J., Gillilland III, M., Wu, X., Song, I., Kao, J. Y., & Owyang, C. 
(2014). Rifaximin Alters Intestinal Bacteria and Prevents Stress-Induced 
Gut Inflammation and Visceral Hyperalgesia in Rats. Gastroenterology, 
146(2), 484–496.e4. doi:10.1053/j.gastro.2013.10.026 

Yoon, S. S., & Brandt, L. J. (2010). Treatment of Refractory/Recurrent C. difficile-
associated Disease by Donated Stool Transplanted Via Colonoscopy: A 
Case Series of 12 Patients. Journal of Clinical Gastroenterology 
September 2010, 44(8), 562–566. doi:10.1097/MCG.0b013e3181dac035 

You, D. M., Franzos, M. A., & Holman, R. P. (2008). Successful Treatment of 
Fulminant Clostridium difficile Infection with Fecal Bacteriotherapy. Annals 
of Internal Medicine, 148(8), 632–633. doi:10.7326/0003-4819-148-8-
200804150-00024 

Żak-Gołąb, A., Olszanecka-Glinianowicz, M., Kocełak, P., & Chudek, J. (2014). 
The role of gut microbiota in the pathogenesis of obesity. Postępy Higieny 
I Medycyny Doświadczalnej, 68, 84–90. doi:10.5604/17322693.1086419 

Zhang, G., & Ghosh, S. (2001). Toll-like receptor–mediated NF-κB activation: a 
phylogenetically conserved paradigm in innate immunity. Journal of 
Clinical Investigation, 107(1), 13–19. doi:10.1172/JCI11837 



 

64 
 

Zhu, Q., Gao, R., Wu, W., & Qin, H. (2013). The role of gut microbiota in the 
pathogenesis of colorectal cancer. Tumor Biology, 34(3), 1285–1300. 
doi:10.1007/s13277-013-0684-4 

Zur Hausen, H. (2009). The search for infectious causes of human cancers: 
Where and why. Virology, 392(1), 1–10. doi:10.1016/j.virol.2009.06.001 

  



 

65 
 

CURRICULUM VITAE 

 



 

66 
 



 

67 
 


