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Microbiota

The normal bowel and its microbiota
The mucosa of the gastrointestinal tract forms an anatomical and physiological 

barrier against the outside world.1 The lower intestinal tract is completely covered 

with bacteria. In the normal bowel, there is a delicate equilibrium between 

commensal bacteria (the human GI tract contains about 100 x 1018 microorganisms2) 

and passing antigens consisting of food and possible toxic substances. 

Historically, the composition of the intestinal commensal microbiota was difficult 

to determine due to the inability to culture and thereby distinguish the majority 

of bacteria in the gut. With the introduction of culture-independent techniques a 

rapidly increasing insight has been generated in intestinal commensal microbiota 

composition in health and disease. Most current techniques use the ability to 

demonstrate genetic material derived from bacteria to distinguish different species. 

For instance, with 16sRNA sequencing, the composition of the microbiota, the 

variation of microbiota over time and the effects of antibiotic use on the stability of 

the human gut microbiota can be demonstrated in great detail. The 16S ribosomal 

RNA (16SrRNA) gene can be used for phylogenetic studies3 as 16SrRNA is part of a 

subunit present in all ribosomal prokaryotes. Due to the slow rates of evolution of 

this region of the gene it is highly conserved between different species of bacteria 

(and archaea). It enables to genetically distinguish different microorganisms and 

has led to a reclassification of bacteria, and discovery of a large amount of new 

bacterial species.

By applying these techniques, the understanding of the composition and role 

of the intestinal microbiota in health and disease is rapidly growing. It has been 

estimated that the cumulative human lower intestinal microbiota contains 

between 5000–6000 species, most of which have never been successfully 

cultured before. The majority of bacterial species belong to the phyla Firmicutes 

and Bacteroidetes.4  They are by far the two predominant phyla, followed by 

Proteobacteria, Actinobacteria, Fusobacteria and Verromicrobia, which are present 

in relatively lower amounts.5-7 The upper gastrointestinal tract (the stomach, 

duodenum, jejunum, and upper ileum) contains a relatively sparse microbiota; the 

bacterial concentration is less than 104 organisms per gram tissue. Most of these 

organisms are derived from the oropharynx and pass through the gut. Further 
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downstream, the composition changes, with increasing amounts and increasing 

diversity, with an estimated 1011 bacteria per gram feces in the colon. Other 

microorganisms that form the intestinal microbiota consist of fungi, viruses, and 

protozoa.

Bacteria form a dynamic barrier that facilitates digestion, mainly by breaking down 

undigested carbohydrates from our diet, which they turn into short chain fatty 

acids by fermentation.8 In recent years, there is growing evidence for an additional 

(bidirectional or reciprocal) relation between immunological, endocrine and 

neurological functions and intestinal microbiota.9-13 In this light, considering the 

mucosal surface to be a large and distinctly operating organ, loss of the integrity 

and stability of this large mucosal surface can have deleterious consequences, 

with a greater impact than can currently be apprehended.14 The importance of this 

vast amount of bacteria and their influence on the human body is only beginning 

to be understood. Especially the association between changes in microbiota and 

disease, whether associative, causative or coincidental is still to be clarified.15 

Microbiota as a host defence mechanism: colonization resistance
The normal microbiota is relatively stable over time.16, 17 Colonization resistance is 

the mechanism whereby the flora protects itself against invasion and influence of 

new and often harmful microorganisms.18, 19  In stable conditions and in the absence 

of antibiotic exposure, the microbiota can effectively inhibit colonization and 

overgrowth of invading pathogenic microbes.20 In normal circumstances, where 

normal bowel microbiota is at full strength, potentially pathogenic bacteria such 

as Clostridium difficile (C. difficile) clearly do not have a natural advantage, and have 

no apparent possibility to multiply, differentiate and cause disease. Pathogenic 

bacteria continuously have to compete with thousands of other species for space, 

nutrients and the optimal anaerobic environment to multiply and sustain.  It is a 

battle they apparently normally lose, demonstrated by the fact that although we 

are exposed to potential pathogens on a daily basis, diarrhea and clinical disease is 

uncommon in a healthy person.

In a diseased colon however, there is lack of bacterial diversity and lack of abundance 

of the normal microbiota, which is believed to give potential pathogenic bacteria 

the opportunity to grow and differentiate. Antibiotic use particularly, but not 

uniquely, disturbs the balance that forms the stable flora in the bowel.21 There 
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is abundant literature on the change of bowel flora following (short) antibiotic 

therapy.22-24 When colonization resistance is decreased, there is an increase, 

particularly in the occurrence of C. difficile related disease.25-27 Profound alterations 

of intestinal microbiota following a single dose of, for example, clindamycin result 

in prolonged susceptibility to C. difficile-induced colitis.28 25, 26 C. difficile infection 

(CDI) thereby serves as a unique model to study the relation between antibiotic 

therapy, microbiota and its influence on colonization resistance, and to investigate 

strategies to modulate colonization resistance.  This is also outlined by an in-vitro 

model of colonization resistance to C. difficile infection, where it was demonstrated 

that growth of C. difficile and cytotoxin production were inhibited in fecal emulsions 

from healthy adults, but not in sterilised emulsions.20 It emphasizes the inhibitory 

effect of viable bacteria on potential pathogenic bacteria.

C. difficile infection (CDI)

C. difficile is a gram positive anaerobic rod, abundantly present in nature,29 which 

can also be present in the bowel of healthy people. Typically, C. difficile infection 

(CDI) is considered a hospital acquired infection that occurs after antibiotic use 

which is responsible for a disrupted homeostasis of the bowel flora. In recent years, 

the incidence of CDI has sharply increased. 

Pathogenesis
 C. difficile has two major properties that are responsible for the morbidity and 

healthcare burden it poses; toxin production and spore formation. Pathogenic 

strains of C. difficile are first of all capable of producing toxins (the most important 

being toxin A and toxin B), which are carbohydrate-binding proteins that are 

the main virulence factors for C. difficile. Toxins bind to the surface of intestinal 

epithelial cells, where they are internalized and interfere with cell metabolism, 

leading to cell death, by destroying the cytoskeleton of the cell.30, 31 This process 

leads to loss of the integrity and subsequent death of intestinal epithelial cells, 

with the induction of an inflammatory response. This cascade leads to a colitis, 

with a broad spectrum of clinical symptoms, varying from asymptomatic disease 

to diarrhea, fever, cramping,  and in rare cases a toxic megacolon with shock, sepsis 

and high mortality. 
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Another specific property of C. difficile is its ability to survive outside an anaerobic 

environment, i.e. outside the body.29,32 Sporulation occurs if normal development 

of the bacteria fails, and the cell receives environmental signals that vegetative 

growth is not possible.33  If brought into an aerobic environment, the bacteria will 

sporulate, thereby encapsulating its genome. By doing this, it is able to survive 

in a hostile (=aerobic) environment for months, until the circumstances become 

more favourable and the bacterium will germinate again.34, 35 Spores are thereby 

infectious and highly resistant. The process of sporulation also occurs if C. difficile 

is exposed to other environmental changes (heat, alcohol, antibiotics).36, 37 The 

importance of thorough hospital cleaning in order to remove spores, is the 

cornerstone of infection control. C. difficile can be isolated of surfaces of hospital 

wards, beds, phones and desktops, long after patients have been treated for C. 

difficile infection.38 Outside the hospital, C. difficile is also found in the direct 

environment of outpatients, especially  areas susceptible for fecal contamination, 

such as toilets, sinks and bathrooms.39 

Clinical disease versus asymptomatic carriage
C. difficile infection (CDI) is mainly a disease of the colon, although case reports have 

described small intestinal disease, mainly following gastrointestinal surgery.40 CDI 

causes a colitis, with a clinical spectrum varying from mild diarrhea to fulminant 

pseudomembranous colitis and toxic megacolon. More severe infection is seen 

more frequently in older patients, patients with renal failure, patients with recent 

abdominal operations, and patients who are severely immunocompromised.41-45

Mainly due to colonization resistance, there is a limited amount of C. difficile 

infections reported in healthy humans, even though healthy asymptomatic 

humans can carry toxicogenic strains of C. difficile.46 Depending on the setting, 

whether you deal with a child nursed in day care, an adult in an outpatient 

clinic, a patient who is recently admitted to a hospital or recently discharged, 

asymptomatic colonization is reported in 5-100% of healthy asymptomatic 

persons and children.47-49 If humans have not used antibiotics, are not recently 

operated, immunocompromised or admitted to a hospital, the chance of 

developing infection are extremely limited. C. difficile is abundantly present in 

nature29, 50, 51, and throughout life, contact with C. difficile is probably hard to avoid. 

In adult life, most people will have encountered C. difficile, which is shown by the 

fact that a significant part of the community, approximately 65%, demonstrates 
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antibodies against toxins produced by C. difficile.47, 52, 53 Although concentrations 

of antibody increase with patient’s age, the capacity of the serum to neutralise 

toxin decreases.54, 55 Other studies demonstrate that seroconversion for C. difficile 

can also occur from early infancy onwards. This concept is consistent with the 

well-documented observation that neonates and infants less than one year old 

are commonly colonized with C. difficile and often have relatively high levels of 

the cytopathogenic toxins in their stool.32, 56, 57 It is not clear why children are 

often asymptomatic. In an animal model, the intestinal receptor for C. difficile 

toxins appeared to be missing in newborn rabbits58. Although not demonstrated 

in humans, a relative insensitivity for toxin producing C. difficile could explain the 

lack of diarrhea or clinical disease. 

Finally, several studies demonstrate that admission to a hospital is a risk factor for 

(renewed) colonization with C. difficile.47, 59 Whether disease develops subsequently 

depends on several factors; the patient’s immune status, the resilience of the 

microbiota and the need for (and the duration of ) antibiotic use. Colonization 

with C. difficile prior to hospital admission seems to be a protective factor for the 

development of disease.60

Epidemiology
C. difficile is the most important causative organism of antibiotic associated 

diarrhea. Earlier studies have shown a risk of 25% to develop diarrhea following 

antibiotic use, of which another 25% is specifically caused by C. difficile. 61 There is 

a reported variation in incidence, depending on antibiotic prescribing patterns, 

variation in endemic strains, some associated with more virulent disease, and the 

used definition of antibiotic associated diarrhea in epidemiological studies.62 The 

estimated incidence is around 4 per 10.000 patient-days per hospital in Europe, 

most patients having a risk profile of old age, comorbidity, and recent antibiotic 

use.63 

In the last decade, CDI has posed an increasing burden on health care, with increasing 

reports on outbreaks due to hyper virulent strains. From 2005 onwards, most western 

countries have reported outbreaks with the hypervirulent C. difficile 027 strain, with 

higher mortality rates, increased morbidity and an increase in recurrent disease.64, 

65 With this change in epidemiology, a major shift has occurred in the way CDI is 

perceived, with increased (mandatory) reporting of CDI, increased surveillance, and 

31773 Nood.indd   12 22-12-14   10:30



General introduction and aim

13

renewed interest for both pathogenesis, treatment and prevention. New patient 

groups who previously have not been thought to be at risk for infection are identified 

(children, pregnant women, and patients who have had no previous antibiotic use 

or recent admission to a hospital).64, 66, 67 Furthermore there is a newly appreciated 

association with C. difficile strains that occur in animals and simultaneously cause 

disease in humans.68 

Economic impact of C. difficile infections
C. difficile infection is importantly related to hospital stay, where it poses a 

significant problem for health care providers.  Infections are mostly seen as 

secondary infection in patients who are initially admitted and treated for other 

illnesses. A small proportion of patients is admitted for an initial (primary) CDI. 

Both primary and secondary infections are linked to a marked increase in hospital 

costs.69, 70 This is related to increased length of hospital stay, attributable costs of 

days spent in isolation and costs for treatment. Several studies demonstrate an 

average of doubling of hospital costs when an additional infection (secondary 

CDI) is involved.69, 71 Additionally, fulminant CDI with admission to an ICU unit, the 

occurrence of new hypervirulent strains and persistent disease with recurrent 

relapses are independent contributing factors for increasing costs.72 If C. difficile 

infection is the sole reason for admission, the median cost is estimated at 7400 

dollar per admission. 

Diagnosis of C. difficile infections
Typically, CDI develops within 2 months of antibiotic use, and mostly during or 

following hospitalization. Toxin detection is the hallmark of diagnosing C. difficile 

infection, either direct, or by demonstrating the presence of genes coding for 

toxin production by polymerase chain reaction (PCR).

Historically the cytotoxicity cell test followed by a toxin neutralizing antibody test 

was considered the gold standard, but this is a test with a turnaround time of 

approximately 48 hours, which is labour-intensive and depends on the presence 

of a fibroblast cell line, with an operational tissue culture facility.73, 74 

More convenient and quicker tests are enzyme immunoassays, which demonstrate 

toxins A and B in stool, either indirect or in sandwich enzyme linked immunosorbent 

assays. They cope with varying and sometimes limited sensitivity compared 
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to cytotoxicity assays.75, 76 A negative test can therefore not completely exclude 

disease. Culture is sensitive but not sufficient if performed as single test, as there 

are also non toxin producing strains, which do not cause disease.56 Additional tests 

are therefore required to determine whether the cultured strain also produces 

toxins, such as the above mentioned cytotoxicity assay, ELISA or PCR. 

Production of Glutamate Dehydrogenase (GDH), an enzyme produced by C. difficile 

in high amounts, is another diagnostic possibility.77 GDH measurement also does 

not discriminate between toxin and non-toxin producing strains, and therefore 

needs additional confirmatory testing as well. The newer tests, using PCR of genes 

coding for toxin production, have better sensitivity, but can be false positive, 

especially in non-diarrheal stools. There are various different PCR’s available.78

Thus, in most guidelines a combined approach is advised, with a test with slightly 

lower sensitivity but fast turnaround time, combined with a confirmatory test. A 

step up approach can be advised, with a first  test that demonstrates the presence 

of C. difficile in stool, followed by a test that demonstrates that the particular C. 

difficile  is indeed a toxin producing strain.79

Treatment of C. difficile infection
Asymptomatic carriers need no treatment.80 CDI can be treated without antibiotics 

in mild and self-limiting cases.81-83 In most cases however, CDI does require 

treatment. Historically, vancomycin and metronidazole are the antibiotics of 

choice.82-84 In mild disease, vancomycin and metronidazole are equally effective. 

For severe disease vancomycin is probably better than metronidazole, although 

data supporting the evidence for this decision are limited. 85, 86 In 2013 a new 

antibiotic has been introduced, fidaxomicin, which has been demonstrated to 

be equally effective when compared to vancomycin in two large phase 3 trials.87, 

88 The use of fidaxomicin diminishes the risk for subsequent recurrent disease in 

patients with a first recurrence.89 If the hypervirulent ribotype 027 was involved 

this effect was not demonstrated.89 However, fidaxomicin is more expensive than 

regular treatment with metronidazole and vancomycin, and cost effectiveness 

has to be demonstrated. Other antibiotics have been compared to vancomycin or 

metronidazole in (mostly small) trials.84 Teicoplanin is comparable in effectiveness 

to vancomycin, but not readily available and not commonly used.90
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Approximately 80% of patients who experience CDI are cured after their first 

episode, with or without antibiotic treatment.86, 87, 91 In 20% of patients no durable 

response is obtained. These patients develop a relapse, after initial response to 

therapy. Only a minority of patients has a true refractory disease, which does not 

respond to therapy at all. 

For a first recurrence, metronidazole does not seem inferior to vancomycin in 

observational data.91 However, there are no prospective trials designed for this 

specific patient group. The data which provide information for treatment of 

recurrent disease, especially when a patient has several recurrences, is mainly 

limited to observational studies and retrospective cohort analysis. Apart from 

the trial described in chapter 3 there are no prospective trials for patients with 

multiple recurrences so far. Due to its side effects in long term use, metronidazole 

is not advised to be given for recurrent disease.92 Antibiotic options therefore are 

vancomycin or fidaxomicin. Vancomycin pulse and taper schedules of several 

weeks duration are routinely given. Vancomycin is given intermittently in declining 

doses. Gradual elimination of the bacteria by killing germinating spores is thought 

to be the mechanism of cure. Main scientific evidence comes from the placebo 

arm of a large placebo controlled study for probiotics vs placebo in addition to 

regular treatment for CDI. 93 Apart from the probiotic preparation, treatment for 

CDI was not randomised. A retrospective cohort was created, from which patients 

were distilled, of whom patients who received a vancomycin taper schedule were 

least likely to develop a recurrence.  

Recurrent C. difficile infection. 
Patients who fail initial treatment have a greater chance of treatment failure in 

subsequent antibiotic courses. It is estimated that the chance of cure is as low as 

20-40% after experiencing several relapses. 94 The typical pattern is a renewed initial 

response when antibiotics (mostly vancomycin) are given, but return of diarrhea 

and abdominal complaints within two weeks after cessation of the antibiotic. 

There are at least two mechanisms that are held responsible for the recurrent 

nature of C. difficile infections in some patients. The first, and probably the most 

important contributing factor to recurrent disease, is a permanent disruption of 

the microbiota that normally would prevent C. difficile from multiplying, toxin 

production and causing disease. 
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Chang et al. were the first to demonstrate a significant disrupted microbiota with 

a diminished diversity and diminished total number of bacteria in the colon in 

patients with recurrent C. difficile infections.  They performed a phylogenetic 

analysis of 16S rRNA-encoding gene sequences from fecal samples of 7 patients 

with initial CDI episodes and recurrent CDI episodes, compared to 4 patients with 

no history of CDI or antibiotic use. Whereas the patients with initial CDI episodes 

and the control patients had a predominance of Bacteroidetes and Firmicutes 

species, the predominant species in the patients with recurrent CDI were quite 

different and these patients’ microbiota exhibited significantly less diversity. 95

In recent years, more data became available displaying the origin of the disrupted 

nature of microbiota in recurrent CDI. The continuous use of antibiotic for a 

prolonged period is an important factor. Even oral vancomycin, frequently 

used for the treatment of C. difficile  infections,  has a profound effect on the 

equilibrium of the microbiota in general, and more particular on Bacteroides 

fragilis counts in patients with CDI: mean B. fragilis group counts decreased by a 

factor of >3 log after 10 days of treatment with vancomycin.96 Studies addressing 

the microbiota in patients following antibiotic use demonstrate an increase of 

Firmicutes, Proteobacteria, and Actinobacteria in the group of patients who 

eventually developed CDI, compared with patients who did not develop CDI. 

The first group also had a lower amount of Bacteroidetes. After epidemiologic 

factors were controlled for, only decreased levels of Bacteroidetes and increased 

levels of Firmicutes remained significantly and independently associated with 

development of CDI. Of interest, also hospitalisation in itself is associated with 

changes in the intestinal microbiota, possibly reflecting an association between 

CDI and hospitalisation because these changes were not driven exclusively by 

antimicrobial use. 97 With the disappearance of the colonization resistance, the 

microbiota in the bowel lacks diversity and abundance, enabling persisting spores 

of C. difficile to outgrow and multiply.98 

The second mechanism contributing to recurrent disease, is a reduced antibody 

response to C. difficile. Kyne et al noted that 31% of patients who received 

antibiotics in acute-care medical wards were colonised by C. difficile during hospital 

admission. Of these patients, 56% eventually developed CDI; the remainder were 

asymptomatic carriers.47 This study reported high concentrations of serum IgG 

against toxin A in symptomless carriers of C. difficile, suggesting protection for 
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the development of disease. An earlier observation displayed that patients who 

were already colonised by C. difficile on admission to hospital were significantly 

less likely to develop a symptomatic infection.60 Patients with a single episode of 

CDI have higher serum levels of IgM against toxin A on day 3 of the first episode 

and IgG to toxin A on day 12 than patients with recurrent CDI.47 The proportion 

of patients who developed recurrent CDI was linearly associated with decreasing 

levels of anti-toxin A IgM and IgG measured at these time points.99 A correlation 

was found between clinical recovery without relapse of C. difficile diarrhea and 

high IgG titres to toxin B in the ELISA, and appearance of neutralizing antibodies. 

High ELISA IgG titres to toxin B or the appearance of neutralizing antibodies may 

also be a positive prognostic sign in patients with C. difficile diarrhoea.100 On the 

contrary, another group found no protective effect of antibody formation.  They 

concluded that most patients convalescent from C. difficile diarrhea demonstrate 

systemic and mucosal antibodies to toxin A, but these antibodies following natural 

infection do not appear to alter the clinical course of C. difficile infection.101 

Fecal microbiota transplantation (donor feces infusion)

Coprophagia or coprophagy is the consumption of feces, from the Greek κόπρος 

copros, “feces” and φαγεîν phagein, “to eat” (dictionary). Many animal species 

practice coprophagia as an addition to their diet. Virtually all feces, from whatever 

kind of animal produces them, consist largely if not entirely of organic matter, are 

high in protein, and carry nutritional value.102 Certain animal species add calories 

to their diet by eating feces as a habit. Other species do not normally consume 

feces but may do so under extraordinary conditions. For example, following birth, 

young elephants, pandas, koalas, and hippos eat feces of their mothers or other 

animals in the herd to obtain the bacteria required to properly digest vegetation 

found on the savanna and in the jungle.103

Coprophagy refers to many different ways of eating feces. This includes eating feces 

of other species, other individuals (allocoprophagy), or one’s own (autocoprophagy). 

Donor feces infusion would thus alternatively be called allocoprophagy.104  

In the previous century, there were only a few reports about donor feces infusions 

in modern scientific literature.  However, the use of bowel-derived material for 
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treatment of disease in humans goes back more than 2500 years, when traditional 

Chinese medicine already used human fecal suspension or infant feces (for esthetic 

reasons called “yellow soup”) given orally to treat several gastro-intestinal related 

illnesses, including chronic diarrhea and food poisoning105 Lewin furthermore 

reports that “... consumption of fresh, warm camel feces has been recommended 

by Bedouins as a remedy for bacterial dysentery; its efficacy (….) was confirmed by 

German soldiers in Africa during World War II”106 Intestinal microbe infusions have 

been used in veterinary practice in the Western world as a treatment for ruminal 

acidosis,107 and can be dated back to the 17th century. Description in scientific 

literature in humans took until 1958, when Eiseman described the first report on the 

efficacy of fecal transplantation in the treatment of chronic (antibiotics induced) 

diarrhea.108 He described four critically ill patients who received a series of enemas 

from healthy (otherwise not screened) donors, who dramatically responded and 

were considered cured. The rise of broad spectrum antibiotics, the subsequent rise 

in antibiotic associated diarrhea, and the lack of effective therapies for recurrent 

disease led to donor feces as a last resort for patients with recurrent CDI. With the 

rise of C. difficile infections in the western world since 2005 onwards, there also 

has been a steep increase in patient with recurrent C. difficile infections, with a 

renewed interest in donor feces infusions.109, 110 Nowadays, > 400 patients were 

described in case reports and case series that were successfully treated with FMT. 

In the past, donor feces infusions have been given without deeper insights in the 

changes in the intestinal bowel composition. Feces was given even before the 

discovery of C. difficile as the causative agent for pseudomembranous colitis in 

1978. Treatments were given with a great sense of logic reasoning, but with little 

biological insight in the exact mechanism of cure. With the current developments 

in next generation culture-independent tools, such as the above mentioned 16S 

ribosomal RNA gene sequencing, broader insights into the composition of the gut 

microbiota and the changes made by donor feces are possible. With this comes 

a subsequent expanding interest in influencing (diseased) bowel flora. Evaluating 

donor feces infusion in this light is the logical next step. 
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Aim and Outline 

The aim of this thesis is to provide insight in the background, mechanism and 

efficacy of fecal microbiota transplantation (FMT). The emphasis is on the treatment 

with donor feces for patients with recurrent C. difficile infections and the role FMT 

can play for this group of particularly troubled patients. 

In the first chapter, an overview of literature on FMT for C. difficile infections is 

given. In the second chapter, the results of a pilot study are presented, in which 

donor feces infusions are given to seven patients with recurrent C. difficile infection. 

In the third chapter, the results of a clinical trial are presented, in which FMT as a 

separate strategy is compared to standard antibiotic treatment with vancomycin, 

with or without a whole bowel lavage. In the fourth chapter, in depth information 

is given on the effect on bowel microbiota following donor feces infusion. The fifth 

chapter describes the evaluation of the economic aspects of treatment with donor 

feces infusion. In the sixth chapter the long term effects and the psychological 

impact of FMT are described. 

The last two chapters assess other potential areas where donor feces infusion might 

be of interest in the future. The first is the potential role donor feces infusions play 

in changing the metabolism of overweight men, by infusing feces of lean healthy 

donors. This is described in the seventh chapter. The eighth chapter is the first 

case report in which donor feces is given to a patient who is carrying multiresistent 

bacteria in his bowel, which are eradicated following the infusion of donor feces. 

The final part of the thesis contains the summary, the general discussion and the 

Dutch summary.
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