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Abstract
The impact of antibiotics on the human gut microbiota 
is a significant concern. Antibiotic-associated diarrhea 
has been on the rise for the past few decades with 
the increasing usage of antibiotics. Clostridium difficile  
infections (CDI) have become one of the most prominent 
types of infectious diarrheal disease, with dramatically 
increased incidence in both the hospital and community 
setting worldwide. Studies show that variability in the 
innate host response may in part impact upon CDI 
severity in patients. That being said, CDI is a disease 
that shows the most prominent links to alterations to 
the gut microbiota, in both cause and treatment. With 
recurrence rates still relatively high, it is important to 
explore alternative therapies to CDI. Fecal microbiota 
transplantation (FMT) and other types of bacteriotherapy 
have become exciting avenues of treatment for CDI. 
Recent clinical trials have generated excitement for the 
use of FMT as a therapeutic option for CDI; however, the 
exact components of the human gut microbiota needed 
for protection against CDI have remained elusive. 
Additional investigations on the effects of antibiotics on 
the human gut microbiota and subsequent CDI will help 
reduce the socioeconomic burden of CDI and potentially 
lead to new therapeutic modalities. 
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role of the human microbiota in the susceptibility 
to Clostridium difficile  (C. difficile ) infection (CDI). 
Microbial communities may exert effects on the 
metabolic composition within the GI tract that influence 
CDI pathogenesis (e.g. , bile salt metabolism). The 
identification of protective and susceptible human 
gut microbiomes would enable the development of 
screening tools to identify at-risk patients. Ultimately, 
the rational design of probiotic cocktails could assist 
in attenuating C. difficile  transmission in hospital or 
community settings. Prevention of CDI would lead to 
decreased morbidity and mortality, as well as reduction 
of hospitalization time and health care costs associated 
with treatment. 
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INTRODUCTION
The discovery and application of antibiotics in the early 
20th century was one of the most influential break­
throughs in medical history. It has led to the treatment 
of many diseases and improved survival rates of serious 
wounds and surgeries. However, the antibiotics used 
to treat these infections are not always specifically 
targeted towards the disease-causing bacteria, as 
broad-spectrum antibiotics can target other bacteria, 
including the commensal bacteria in the human intesti­
nal tract, known as the human gut microbiota (HGM). 
Furthermore, calls from various health agencies and 
ministries have been made for improved antibiotic 
stewardship, as over-prescription of antibiotics has led to 
escalations in antibiotic-resistant bacteria[1-4], including 
Clostridium difficile (C. difficile)[5]. While the increases in 
antibiotic resistance cannot be over looked, the indirect 
impact of antibiotics on the HGM is a growing problem. 
Antibiotic-associated diarrhea (AAD) has been on the 
rise for the past few decades with the increasing usage 
of antibiotics. C. difficile infection (CDI) has become one 
of the most prominent types of AAD with increasing 
rates in both the hospital and community setting 
worldwide[6-8]. This increased burden on both the patient 
population and healthcare costs has become an alarming 
predicament. Investigations into the effects of antibiotics 
on the HGM and subsequent CDI will help reduce this 
burden and potentially lead to new therapeutics to treat 
this emergent epidemic.

The Human Gut Microbiota 
The human gastrointestinal tract houses one of the 
most dynamic bacterial communities on the planet, 

with hundreds of species and thousands of strains 
competing for nutrients while producing by-products 
that can be beneficial to the host. Additionally, the HGM 
plays a key role in host defense, providing a protective 
and competitive layer to resist growth of different patho­
gens. However, dysbiosis and overgrowth of microbiota 
has been seen in several different diseases, including 
inflammatory bowel disease (IBD)[9] and irritable bowel 
syndrome[10], allergy and asthma[11], tumorigenesis[12], 
nonalcoholic fatty liver disease[13], cardiovascular disea­
se[14], autism[15,16], and obesity[17,18]. It is clear that 
proper maintenance and turnover of the microbiota is 
essential for proper health.

The HGM plays a large role in health and disease, 
yet until recently much of its composition and function 
remained unknown[19]. The HGM has been shown to 
play important roles in early life development, including 
vitamin and nutrient absorption, stimulation of intes­
tinal angiogenesis, protection from pathogens and 
immune development[20]. This complex ecosystem is 
rapidly responding to the harsh environment within 
the gastrointestinal tract, including nutrient and pH 
fluctuations, niche competition with other bacteria, and 
antimicrobial peptides being excreted by the host[21]. 
While specific bacterial pathogens are well known to 
cause discrete disease, overall bacterial dysbiosis has 
been linked to many chronic diseases that are prevalent 
in society[16]. The mutualism exhibited by the HGM and 
its human host is paralleled by few other host-microbe 
interactions. Ultimately, knowledge of the HGM could 
be utilized to analyze disease status and therapeutic 
responses.

Methodology for studying the 
human gut microbiota 
The study of the gut microbiota has been ongoing for 
almost a century. The earliest studies isolated animals 
into a germ-free state, allowing development without 
any influence from bacteria or their products. In answer 
to a challenge originally issued by Louis Pasteur, scien­
tists at the University of Notre Dame were able to deliver 
guinea pigs by caesarean section and house them in 
germ-free containment. These guinea pigs were then 
bred under germ-free conditions, to provide axenic 
animals[22]. The hope was for the animals to be used in 
identifying bacterial roles in normal physiology, as well 
as their role in proper immune defense against bacteria, 
as antibiotic resistance was already a rising threat.

Bacteria from the HGM are difficult to isolate in 
culture, making it challenging to determine the overall 
microbial community. The study of the HGM has ex­
panded in the last decade due to advances in culture-
independent methods of monitoring microbial diversity. 
Most techniques target the 16S ribosomal RNA (16S 
rRNA) gene, as it contains conserved and variable 
regions that can be used to distinguish different bacterial 
species[23]. The 16S rRNA gene is approximately 1500 
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nucleotide base pairs in length, and contains nine 
conserved regions and nine variable regions (V1-V9)[23]. 
These variable regions have been targeted for bacterial 
group and species identification via different techniques. 
Basic techniques that began the culture-independent 
revolution include denaturing gradient gel electrophore­
sis (DGGE) and terminal restriction fragment length 
polymorphism (TRFLP). 

Introduced in 1993, DGGE provided a snapshot of 
overall microbial diversity within a sample. The 16S rRNA 
gene is amplified in a polymerase chain reaction (PCR) 
and subjected to separation in polyacrylamide containing 
a denaturing gradient of urea and formamide[24]. This 
allowed DNA fragments to be separated based on melting 
temperature, fragment length and guanine-cytosine 
content, resulting in a unique band pattern. These 
band patterns can be compared to prepared bacterial 
standards, or bands can be excised and analyzed by 
sequencing[24]. However, multiple bacterial taxa could 
occupy one band in a gel such that underestimation of 
bacterial diversity frequently occurred[25]. 

TRFLP, first described in 1997, involves PCR am­
plification of the 16S rRNA gene using a fluorescently-
labelled forward primer[26]. This reaction is followed 
by restriction digestion targeted towards a conserved 
sequence, which produces terminal-restriction fragments 
(TRFs). Fluorescent primers allow for quantification of 
the TRFs, giving an overall and relative abundance. 
Identification to the phyla or deeper levels was possible 
by comparing the TRFs to an in silico library, which was 
generated from the Ribosomal Database project[27]. 

The strengths of DGGE and TRFLP in the early 2000’s
included relatively high throughput combined with 
lower costs in an age of expensive genomic sequencing 
technology. Both methods were able to provide a finger
print of the microbial community within a fecal sample 
and enabled inter-sample comparisons. However, both 
were also associated with relatively poor resolution of the 
HGM community members, sometimes failing to identify 
bacteria beyond the phyla level. With the development of 
new and more cost-effective genomic sequencing [i.e., 
next-generation sequencing (NGS) methods[28]], the 
method is now at the forefront of HGM research. While 
sequencing of the HGM has become for readily available, 
the bioinformatic analysis still provides challenges for 
the facile interpretation of datasets. Several computing 
programs and pipelines have been assembled, primarily 
through the Human Microbiome Project, which aid in 
the analysis[29]. “Quantitative insights into microbial eco­
logy”, or QIIME, has been the most prominent pipeline 
developed thus far, as it allows the input of thousands 
of sequences and navigates through sequence align­
ment to known databases and downstream community 
analysis[30]. With the development of rapid and feasible 
sequencing, as well as improved bioinformatic output, 
the study of the HGM has shifted to culture-independent 
dominated processes. However, the cultivation of bacteria 
is still considered the gold standard, and microbial DNA 
in samples does not indicate whether the sample came 

from an active or dead bacteria[31]. Nonetheless, the NGS 
technologies have allowed for new studies to examine 
the HGM in health and disease. 

C. difficile 
C. difficile is an anaerobic, spore-forming bacterium 
that was originally identified as a natural part of the 
infant microbiota[32]. However, research since the 1970’s
has linked C. difficile colonization as the primary cause 
of antibiotic-associated and nosocomial diarrhea in 
the adult and elderly populations[33,34]. CDI symptoms 
vary amongst patients, ranging from mild to severe 
diarrhea (> 15 bowel movements per day), with severe 
cases resulting in toxic megacolon or death[35]. The CDI 
mortality rate has been increasing over the last decade, 
due to the development of hypervirulent and antibiotic-
resistant strains[36,37]. C. difficile transmission has become 
a major problem in hospitals across the developed 
world, as C. difficile spores are highly resistant to normal 
cleaning agents, including alcohol-based hand washes.

Epidemiology and risk factors 
for CDI
C. difficile has risen to prominence internationally, with 
several large breakouts within hospitals causing the 
death of many patients. In 2003, an outbreak of the 
hypervirulent C. difficile, strain North American pulsed-
field gel electrophoresis type-1 (NAP1), in Quebec 
hospitals caused the death of nearly 2000 people[38]. 
Recently, it was also demonstrated that the spread of 
the NAP1 strain worldwide originated from this Quebec 
breakout[37]. In the United States and Europe, hospital-
associated CDI is estimated to incur annual healthcare 
costs over $4 billion[36]. Furthermore, there is increasing 
incidence in developing countries in Asia, although not 
from the NAP1 strain[7]. There are several risk factors 
with high association with CDI, including recent antibiotic 
exposure, age (> 65 years), recent hospitalization, 
and proton pump inhibitor use[35]. Antibiotic exposure 
shows the highest correlation, with odds ratios ranging 
from 1.31-1.87[39]. Certain antibiotics also demonstrate 
higher correlations, such as clindamycin[39]; indeed, this 
finding correlates with the history of the disease since 
CDI was originally referred to as clindamycin-associated 
pseudomembranous colitis[33]. There is also an increased 
threat from community-acquired CDI (CA-CDI), which 
is less studied compared to hospital-acquired CDI (HA-
CDI), and the corresponding incidents of CA-CDI have 
increased approximately 5-fold over the last decade 
as well[40]. CA-CDI is normally defined as an outpatient 
presenting with C. difficile toxin-positive stool, or an 
inpatient presenting less than 2 d after admission. A 
recent study suggested that the risk factors in these 
patients were different compared to HA-CDI, as 36% 
of patients did not have recent antibiotic exposure[41]. 
Another investigation determined that advanced age is 
also not a factor, as CA-CDI patients were significantly 
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changed germination dynamics. Indeed, mutated CspC 
led to decreased mortality in the hamster model of CDI. 
Germination results in the upregulation of several genes, 
and the entry into the vegetative state of the C. difficile 
lifecycle. This involves the breakdown of the spore cortex, 
core expansion and water uptake into the core, allowing 
an increase in enzymatic activity[50]. This complex process 
has not been well studied in C. difficile but has in related 
species[51]. Germination normally occurs within the 
cecum and colon as other factors in the small intestine, 
such as high concentration of chenodeoxycholic acid, act 
to suppress wide-scale germination[48].

Subsequently, C. difficile initiates the activation of the 
pathogenicity locus (PaLoc) in the genome. The PaLoc, 
approximately 19.6 kb in size, is composed of 5 genes, 
tcdA, tcdB, tcdC, tcdR, and tcdE, which are responsible 
for the production of two large clostridial toxins, A 
(TcdA) and B (TcdB)[52,53]. The gene tcdR, which is found 
upstream of the toxin genes, is a positive regulator of 
gene expression whereas tcdC is a negative regulator. 
A pore-forming holin is encoded by tcdE, which allows 
the release of TcdA and TcdB. Literature has suggested 
that hypervirulent NAP1 C. difficile released more toxin 
due to decreased expression of tcdC; however, this 
has come into question due to recent evidence that 
demonstrates no change in toxin production[54]. Another 
gene regulator is CodY, which binds and represses 
tcdR and thus inhibits toxin production, when essential 
nutrients are not available[55].

Importantly, CDI-induced colitis only occurs when 
either of TcdA or TcdB is present[56]. Indeed, patients 
with pseudomembranous colitis are C. difficile toxin-
positive > 96% of the time[57]. TcdA was originally 
believed to be the only toxin necessary for virulence until 
the discovery of TcdA-/TcdB+ C. difficile strain in major 
breakouts worldwide[58]; however, TcdA+/TcdB- strains 
are equally likely to cause disease[59]. Recent studies in 
animals have attempted to delineate the importance 
of each toxin in vivo; new animal model to study host 
response to intrarectal instillation of C. difficile toxins 
revealed that TcdA was important for the majority of 
the damage, whereas TcdB alone caused no damage 
to the mouse colon but could potentiate the effects of 
TcdA[60]. Interestingly, individuals infected with the same 
C. difficile strain can respond very differently. While 
the mechanism has not been elucidated, it has been 
linked to development of antibodies against TcdA and/or 
TcdB[61,62]. However, this theory has come into question 
due to the increasing recurrence rates, with recent 
literature demonstrating that asymptomatic carriers and 
diseased patients having similar antibody loads towards 
the toxins[63]. Differences in microbiota between patients 
with a single case vs recurrent CDI have been suggested 
to play a role in patient susceptibility and variability[64]. 
Different animal models have been employed to deter­
mine important bacterial and host factors involved in 
CDI. 

younger compared to HA-CDI[40]. An interesting area of 
study is the source of C. difficile within the community, 
as hospitals are the normal “reservoir” Recent studies 
have revealed relatively common contamination of retail 
prepared foods, including meat, seafood and vegetables, 
with C. difficile spores[42-45]. While CA-CDI risk factors 
and sources differ from HA-CDI, the increasing rates in 
both are alarming. 

C. difficile pathogenesis and 
lifecycle 
C. difficile, as a pathogen, has an interesting lifecycle 
that ensures its success. Although anaerobic, C. difficile 
can survive for months on aerobic surfaces (e.g., hos­
pital walls, doors, surgical tools, cell phones, etc.) in 
spore form. The spore structure contains several layers, 
including an exosporium, coat, cortex, membrane, and a 
DNA-containing core[46]. This makes the spores resistant 
to alcohol-based cleaning agents used commonly in 
hospitals. C. difficile pathogenesis involves germination 
of spores into vegetative cells, colonization within the 
gut microbiota, productions of toxins which lead to toxin-
induced intestinal damage and inflammation (Figure 
1). When ingested, the multiple layers of the spore help 
protect it from stomach acids and digestive enzymes. 
Spore germination occurs upon interaction with the 
appropriate germinants within the intestinal tract, which 
include taurocholic acid, a taurine-conjugated bile acid, 
and glycine[47,48]. The receptor for taurocholic acid on a C. 
difficile spore, CspC, was only recently discovered[49], and 
researchers demonstrated that mutations to this protein 
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Figure 1  Pathogenesis of Clostridium difficile infections. Clostridium 
difficile (C. difficile) spores are ingested and pass through the stomach, 
upon which they can interact with taurocholate within the small intestine and 
germinate into vegetative cells (1); Vegetative cells then colonize within the gut 
microbiota (2) and begin to produce toxins, TcdA and TcdB (3); Toxins cause 
epithelial damage and pro-inflammatory cytokine release, leading to infiltration 
of neutrophils that cause pseudomembranous colitis (4).
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THE HOST IMMUNE RESPONSE TO C. 
DIFFICILE INFECTION
C. difficile toxins induce epithelial injury, barrier dysfun­
ction and activation of the mucosal immune system[52]. 
The classic endoscopic and histological feature of CDI 
is pseudo-membranous colitis, characterized by severe 
inflammation (neutrophilic/monocytic), ulceration and 
pseudomembranes[33]. CDI has a rapid onset and pre­
vious exposure does not confer protection. There is 
marked variability in disease severity in patients with 
similar risk factors who are infected with the same C. 
difficile strain. Some of the variability in responses might, 
in part, be due to altered innate immune pathways. For 
example, the nucleotide-binding domain leucine-rich 
repeat family of genes contains a number of intracellular 
innate immune receptors that respond to a variety of 
microbial and non-microbial danger signals. Indeed, TcdA 
and TcdB can trigger pro-inflammatory interleukin-1B 
release by activating an intracellular inflammasome[65]. 
A number of studies also support the activation of 
humoral immune responses to C. difficile toxin proteins 
during CDI (reviewed in[66]). Most healthy adults have 
detectable serum antibody titers to TcdA and TcdB (as 
well as non-toxin antigens) that may originate from 
transient environmental exposure to C. difficile from 
infancy[67]. The anti-toxin antibody responses (e.g., 
IgG) in relation to the clinical course of CDI, as well as 
disease recurrence, have been reported in a number of 
studies[62,68-71]. Immunity to TcdB may be important in 
the early stages of CDI; however, antigenic variation in 
TcdB suggests that acquired immunity may not provide 
cross-protection among different C. difficile strains[62]. 
Researchers are now examining the efficacy of protective 
immunity provided by vaccines against C. difficile.

Treatment of C. difficile infection
The current therapeutic paradigm for CDI is the removal 
of the causative antibiotics (i.e., clindamycin) and 
treatment with vancomycin (complicated disease) or 
metronidazole (mild disease)[72]. Fidaxomicin is a thera­
peutic option for patients with recurrent CDI or a high 
risk of recurrence. Occasionally, when CDI progresses to 
toxic megacolon, colectomy is required. A recent study 
demonstrated that survival rates post-colectomy are 
low, identifying this as a last-resort in CDI treatment[73]. 
Oral metronidazole was the normal first-line treatment, 
where vancomycin is used in more severe cases or with 
metronidazole failure[74]. These guidelines were confirmed 
by a double-blind, randomized, placebo-controlled clinical 
trial, showing equal efficacy with vancomycin being more 
successful in severe patients[75]. However, recurrence 
of CDI, caused by relapse or re-infection, occurs in 
about 20%-35% of these patients[76]. Fidaxomicin is 
a recently introduced antibiotic that targets C. difficile 
more selectively and shows equal efficacy compared 
to vancomycin[77,78]. This is likely due to the fact that 

fidaxomicin has reduced effects on the commensal gut 
microbiota compared to vancomycin. Importantly, there 
was also decreased CDI recurrence rates in patients 
taking fidaxomicin compared to vancomycin, highlighting 
its role as a superior alternative antibiotic[77,78]. However, 
with recurrence rates still relatively high, it is important 
to explore alternative therapies to CDI. In this regard, 
fecal microbiota transplantation (FMT) and other types 
of bacteriotherapy have become exciting avenues for the 
treatment for CDI.

Colonization Resistance against 
C. difficile
Identifying mechanisms by which the microbiota 
controls colonization by C. difficile and susceptibility 
to CDI, known as colonization resistance, has been 
pushed to the forefront of research[79-83]. C. difficile 
pathogenesis requires spore germination, colonization, 
and toxin production, which lead to the host immune 
response. Hypotheses for colonization resistance 
mechanisms include inhibiting germination, limiting 
important nutrients for colonization, or stimulation of 
the host immune response. Germination of C. difficile 
spores into vegetative, toxin-producing cells can be 
inhibited via several pathways. As previously mentioned, 
taurocholate is a primary bile salt that is formed in 
the liver and is involved in initiating the germination 
of C. difficile spores[84]. There are a few mechanisms 
by which bacteria actively modify the structure of bile 
salts, rendering them unable to stimulate germination. 
Some bacteria produce bile salt hydrolases (BSH) that 
catalyze the deconjugation of the amino acid (taurine 
or glycine) from carbon-24 (C-24) of bile salts[85]. BSHs 
tend to be intracellular enzymes, though one species, 
Clostridium perfringens, produces extracellular BSH[86]. 
Bile hydrolysis is quite common for different gut bacteria 
and has been demonstrated in Clostridia, Bacteroides, 
Parabacteroides, Lactobacillus, Bifidobacterium, and 
Enterococcus[85,87-89]. BSHs are hypothesized to be 
beneficial to commensal bacteria by liberating nutrients 
(e.g., amino acids[90]), possibly giving a competitive 
advantage to BSH-producing bacteria. Additional studies 
have demonstrated that increasing BSH gene copies 
in Listeria result in increased survival in vivo, while 
decreasing BSH expression results in decreased bacterial 
growth[91].

Specific members of Eubacterium and Clostridia 
genera have the ability to epimerize bile acids at the C-7 
position (conversion of 7α- to 7β-hydroxy), converting 
primary bile salts (cholate and chenodeoxycholate) into 
secondary bile acids (deoxycholic acid and lithocholic acid, 
respectively) via 7α-dehydroxysteroid dehydrogenases 
(7α-HSDH) and 7β-HSDH[92]. These enzymes exist solely 
in the large intestine of humans[85]. HSDHs also exist for 
the C-3 and C-12 positions on bile salts. Bacteria also 
produce dehydroxylation enzymes, which are important 
in the excretion of bile salts. Interestingly, these enzymes 
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can only function on deconjugated bile acids, requiring 
the activity of BSHs first[93]. This requires the bacteria 
to either produce BSH, or live in close proximity to a 
microbe that does. Taurocholate is rarely available to 
allow C. difficile to germinate in a healthy gut given the 
constant catabolism of bile salts. However, recent studies 
have identified that exposure to antibiotics decreases the 
metabolism rate of primary bile salts. Naïve mouse cecal 
contents incubated with C. difficile spores are unable to 
permit germination of C. difficile in vitro[47]. However, 
intraperitoneal injections of clindamycin and subsequent 
cecal content incubation led to C. difficile germination. 
This was corroborated with increased primary bile salts 
and decreased secondary bile salts in the cecum[47]. 
Additionally, incubating taurocholate with isolated cecal 
microbiota from naïve mice resulted in breakdown of the 
majority of the primary bile salt, whereas clindamycin-
treated mice completely lost their ability to metabolize 
taurocholate. This was recently corroborated with a 
metabolomic study that assessed bile in cecal contents 
of mice[94]. Most recently, analyses of the HGM of hos­
pitalized CDI patients identified resistance-associated 
bacteria[80]. Clostridium scindens (C. scindens), a bile acid 
7α-dehydroxylating intestinal bacterium, was associated 
with colonization resistance. Probiotic administration of C. 
scindens provided resistance to CDI in a secondary bile 
acid dependent fashion. Taken together, these studies 
demonstrate a potential link between microbiota function, 
bile metabolism and CDI susceptibility. 

Pharmacologic agents that target the interaction 
between C. difficile spores and taurocholate have also 
been investigated as a potential therapeutic option[95]. 
A bile salt analog, cholate meta-benzene sulfonic acid 
(CamSA), was a strong inhibitor of C. difficile germination 
in vitro and in vivo. In this case, CamSA (50 mg/kg) 
was able to completely inhibit C. difficile germination in 
a mouse, resulting in no CDI pathology[95]. Interestingly, 
a bile salt sequestrant, cholestyramine, was previously 
used as an adjunct therapy with antibiotics for CDI[96]. 
The mechanism of action was considered to be binding 
of C. difficile toxins but could have also been associated 
with C. difficile spore germination. One case study also 
detailed a patient with recurring CDI who was cured 
after prolonged cholestyramine therapy, potentially due 
to decreased germination[97]. Clearly, alteration of C. 
difficile germination is able to play a protective role in 
CDI.

Antagonistic activity of 
commensal bacteria against C. 
difficile
In recent years, the aim for developing treatment for CDI 
has been a narrow-spectrum antibiotic against C. difficile 
(e.g., fidaxomicin) and microbiota sparing[75-78]. However, 
treatment strategies that rely on antibiotics impose 
strong selection for resistance as well as the disruption 
of the normal microbiota. Members of the gut microbiota 

can also produce antimicrobial compounds, termed 
bacteriocins, which target a narrow range of bacterial 
species. Researchers in Ireland identified a C. difficile-
targeting bacteriocin, Thuricin CD, produced by Bacillus 
thuringensis[98]. Thuricin CD was shown to be as effective 
as antibiotics in vitro for the elimination of C. difficile, 
while also having limited impact on the host microbiota. 
The group recently published that intrarectal instillation 
of Thuricin CD into mice was able to reduce shed C. 
difficile in the feces, though showed low bioavailability 
when orally gavaged[99]. Another contractile bacteriocin 
protein complex (R-type; diffocin) was engineered to 
kill specific C. difficile pathogens[81]. The diffocins (i.e., 
Avidocin-CDs) prevented colonization of NAP1-type C. 
difficile strains and limited their transmission. Avidocin-
CDs administered in drinking water survived passage 
through the mouse gastrointestinal tract, did not detec­
tably alter the mouse intestinal microbiota and did not 
disrupt natural colonization resistance to C. difficile.

A group at the University of Michigan identified that 
antibiotic-treated mice had reduced levels of Lachnospira­
ceae in their feces, which correlated with increased CDI 
severity[100]. Reeves et al[101] later demonstrated that, 
while germ-free mice were extremely susceptible to CDI, 
the addition of multiple Lachnospiraceae family members 
suppressed the growth of C. difficile by 20-fold, and 
decreased the toxin production by 25%. Only complete 
cecal microbiota transfer entirely inhibited CDI. This 
parallels with studies completed in the 1980’s, where Itoh 
et al[102] transferred several different species, but only a 
full fecal transfer conferred protection. 

Different groups have looked at the ability of 
certain bacterial species to inhibit toxin production in 
vitro. Kolling et al[103] determined that Streptococcus 
thermophilus produced lactic acid, which was able to 
suppress the transcription of tcdA and release of TcdA 
in vitro. Furthermore, mice treated with Streptococcus 
thermophilus have less severe CDI with decreases 
in weight loss, tissue injury on pathology, diarrhea, 
detectable C. difficile bacteria and toxin levels. This 
study demonstrated the ability of bacteria and bacterial 
products to suppress C. difficile growth and toxin 
production. 

A recent study by Lawley et al[104] identified a 
consortium of six bacterial species in mice that could 
treat a recurrent carrier-model of CDI. These species, 
Bacteroidetes sp. nov., Enterorhabdus sp. nov., Entero­
coccus hirae, Lactobacillus reuteri, Staphylococcus 
warneri, and Anaerostipes sp. nov., were able to reduce 
inflammatory parameters of CDI as well as fecal counts 
of C. difficile. Individually, these six species were unable 
to confer protection, and no metabolic pathways could 
be identified to rationalize the effectiveness of the 
treatment[104]. The addition of these species did lead to 
increased bacterial diversity within the mouse intestinal 
microbiota, which was suggested as the potential mecha­
nism for restoring colonization resistance. However, these 
species are limited to mice and not seen in HGM, so its 
application to human CDI is not clear. 
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FMT
FMT has risen to prominence in the past few years as 
an exciting therapeutic approach for CDI, especially 
recurrent CDI. However, FMT actually has a very exten­
sive history and has been successfully used to treat 
diarrhea for over 50 years. Four patients were treated 
with fecal enemas in 1958 to resolve pseudomembranous 
colitis, and they exhibited dramatic resolution over 
24-48 h post-treatment[105]. This study was conducted 
before C. difficile was recognized as the primary cause 
of pseudomembranous colitis, but it has since been 
validated by other studies using fecal enema[106]. The 
current protocol for involves fairly intense screening 
followed by simple techniques[107,108]. First, the FMT 
recipient ceases antibiotics and an FMT donor is selected. 
A donor completes a questionnaire and is screened for 
different pathogens, including bacteria (C. difficile, Listeria 
monocytogenes, Vibrio cholera, Helicobacter pylori, 
Treponema pallidum), parasites (Giardia, Cryptospor­
idium), and viruses (rotavirus, hepatitis A/B/C, Creutzfeldt-
Jakob, and human immunodeficiency virus)[109]. Donors 
can also be excluded if they have had recent antibiotics 
or tattoos, or a history of gastrointestinal disease. Stool is 
then collected and prepared for transplant (e.g., diluted 
and homogenized before filtration through gauze pads to 
remove large particulate matter), although a recent study 
has demonstrated that frozen/thawed stool works as well 
as fresh stool[110,111]. The fecal filtrate can then delivered 
by oral capsule, nasogastric tube, colonoscopy or rectal 
enema. 

Many trials interrogating the efficacy of FMT for 
CDI have taken place worldwide over the past few 
years[112-116]. Two healthy donors were used for 27 
patients in a recent trial at McMaster University (Hamilton, 
Canada), showing an overall cure rate of 93%[112]. In this 
study, failure of FMT was linked to lack of retention of 
enema. A smaller study from the University of Toronto 
(Toronto, Canada) examined the different microbiota 
profiles involved in successful vs failed FMT[113]. The 
study identified several groups of bacteria (reduction 
in Bacteroidetes, increase in Proteobacteria) that were 
important in CDI cases, but indicated that overall diversity 
was important for success of FMT. The first controlled 
trial of nasogastric/duodenal infusion of fecal filtrate was 
published with encouraging results[114]. The FMT arm 
demonstrated 81% success (13/16 patients) after a 
single infusion of donor feces, and two of the three failed 
patients were later successfully treated after infusion of 
feces from a different donor, for an overall success rate of 
94%. This was significantly better than the 31% success 
(4/13 patients) for standard vancomycin treatment. In 
a multicenter retrospective series, the use of FMT was 
examined in immunocompromised patients with CDI that 
was recurrent, refractory, or severe[115]. The cure rate 
after a single FMT was 78%, and 89% after repeat FMT 
in 99 patients in various states of immunosuppression 
(e.g., human immunodeficiency virus/acquired immune 
deficiency syndrome, solid organ transplant, chemo­
therapy, immunosuppressive therapy for IBD). Some 

patients (14% of IBD patients) experienced disease flare 
post FMT. Importantly, there were no related infectious 
complications reported in these high-risk patients.

A systematic review in 2013 found that different 
forms of FMT had been used to treat 273 patients with 
confirmed CDI from 1946-2012[117] with an overall 
success rate of 89% for FMT in treating CDI. In this 
analysis, a higher FMT success was correlated with lower 
gastrointestinal delivery routes (colonoscopy and enema 
vs nasoduodenal), but that donor relationship with 
recipient was uncorrelated. A more recent systematic 
review completed in 2015 suggests that FMT was 
associated with symptom resolution of recurrent CDI but 
its role in primary and severe CDI was not established[72]. 
The report concludes that treatment strategies should be 
aligned with disease severity, history of prior CDI, and 
the patient’s risk of recurrence. The exact mechanism by 
which FMT works on CDI has remained elusive, though 
it has been suggested to act through the restoration of 
colonization resistance. Unfortunately, there are also 
significant drawbacks of FMT. The screening process 
for known bacterial and viral pathogens can be costly 
and accessibility to an appropriate donor in a timely 
manner may be challenging. Additionally, a recent case 
report of FMT treatment detailed a patient with CDI that 
resulted in flare of dormant ulcerative colitis[118]. This 
adverse event suggests that microbial species that are 
protective in some disease states may be deleterious in 
others. Furthermore, links between the HGM and extra-
intestinal diseases, including type Ⅱ diabetes, obesity 
and behavioural disorders, have suggested FMT could 
have long-term safety issues[119-121]. Therefore, a defined 
and refined bacterial cocktail would be beneficial for 
treating CDI and avoiding deleterious effects.

Other bacteriotherapy attempts have been made 
to replace donor stool as the means of conveyance for 
HGM. These methods generally involve the development 
of defined bacterial mixtures from laboratory bioreactors. 
Tvede and Rask-Madsen demonstrated that a mixture 
of ten different bacteria could be curative to five (out of 
five) CDI patients in 1989[122]. The investigators found 
that recurrent CDI patients had decreased Bacteroides 
spp. that recovered after bacteriotherapy. A more recent 
study, termed rePOOPulation, used a combination of 33 
bacteria to successfully treat two CDI patients[123]. These 
bacteria were cultured from a stool-sample and grown in 
the laboratory, but study design allowed for the transfer 
of a reproducible, known quantity of bacteria. However, 
these studies have still not identified a key mechanism 
provided by FMT to cure CDI. Identifying how the 
microbiota interacts and resists colonization by C. difficile 
will result in rational design of probiotic prevention or 
treatment of CDI.

CONCLUSION
The excitement of FMT as a treatment for recurrent 
CDI is increasing. A recent commentary has suggested 
that FMT could potentially be used to treat all cases 
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of CDI, including a patient’s first case[124]. While this 
suggestion is exciting, detailed safety profiling is still 
required before FMT is a widespread therapy[108,125,126]. 
That being said, CDI is a disease that shows the most 
prominent links to alterations to the HGM, in both cause 
and treatment. Studies investigating the effectiveness 
of FMT for CDI are leading to a better understanding 
of the roles of the microbial community in both host 
health and disease. Nonetheless, elucidating a specific 
combination of bacteria that can treat or prevent future 
CDI cases would be an impactful discovery for the 
advancement of bacteriotherapy as a viable treatment.
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