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Abstract

Antibiotics have significant and long-lasting effects on the intestinal microbiota and consequently 

reduce colonization resistance against pathogens, including Clostridium difficile. By altering the 

community structure of the gut microbiome, antibiotics alter the intestinal metabolome, which 

includes both host- and microbe-derived metabolites. The mechanisms by which antibiotics reduce 

colonization resistance against C. difficile are unknown yet important for development of 

preventative and therapeutic approaches against this pathogen. This review focuses on how 

antibiotics alter the structure of the gut microbiota and how this alters microbial metabolism in the 

intestine. Interactions between gut microbial products and C. difficile spore germination, growth, 

and toxin production are discussed. New bacterial therapies to restore changes in bacteria-driven 

intestinal metabolism following antibiotics will have important applications for treatment and 

prevention of C. difficile infection.
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INTRODUCTION

Study of the microbiome—the vast and complex community of microbes that live in 

association with a host—is growing exponentially. Spurred on by the activities of the Human 

Microbiome Project and the European MetaHIT program (52, 93), a large number of 

investigators have studied associations between the status of the microbiome and human 

health and disease. We are now at a critical juncture in studying the role of the microbiome 

as related to host health. Whereas early studies focused on finding associations between a 

particular community structure or global description (e.g., diversity) and a particular health 

status, causality and mechanism are now key. Attention is broadening to include not just the 

structure of host-associated microbial communities but also their functions.
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In the transition to examining the function of a particular microbiome structure, investigators 

have turned to a number of strategies (13). In particular, much attention has been paid to 

determining the metabolic activity of a given community. Metagenomic sequencing, 

cataloging the sum of protein-coding genes in a specific microbial community, can provide 

insight into the metabolic potential of that community. Metatranscriptome analysis gives an 

indication of what portion of that metabolic potential is being expressed under a given 

condition. Proteomics will demonstrate the actual production of proteins, whereas 

metabolomic analysis can provide direct assessment of the metabolic effects of bacterial and 

host activities.

In terms of the structure and function of the intestinal microbiome, one area of research 

interest is to assess the effects of antibiotics on the metabolic activity of this community. The 

gastrointestinal microbiome has profound effects on host health, and we, along with others, 

have been examining this community in the setting of antibiotic-associated diarrhea and 

colitis, in particular colitis due to infection with the bacterial pathogen Clostridium difficile. 

In this review we discuss the relationship between C. difficile infection (CDI) and the 

intestinal microbiome. In particular, we focus on studies that have examined the metabolic 

activities of the gut microbiome that are responsible for establishing and maintaining 

colonization resistance against C. difficile, and how alteration of the community by 

antibiotics leads to CDI susceptibility.

C. DIFFICILE AND ANTIBIOTIC-ASSOCIATED DIARRHEA

C. difficile is an anaerobic, gram-positive, spore-forming, toxin-producing bacillus first 

isolated by Hall & O’Toole (46) from the gut of a healthy newborn. Greater interest in this 

organism developed when it was demonstrated to be the causative agent of most cases of 

infectious postantibiotic colitis. CDI results in a range of clinical disease; more severe cases 

lead to pseudomembranous colitis (PMC), toxic megacolon, and/or death (6, 78, 115). In the 

United States there were approximately 500,000 cases of CDI, resulting in 29,000 deaths, in 

2011 alone (71). Annual health care costs due to this nosocomial infection have reached $4.8 

billion in US acute-care facilities (33). The main risk factor for CDI is antibiotic usage (81, 
91).

CDI represents a subset of the gastrointestinal disease that can occur in the setting of 

antibiotic administration. Antibiotic-associated diarrhea (AAD) is a commonly reported side 

effect of administration of antibacterial medications. The incidence of AAD is unknown, but 

it is estimated that between 5% and 35% of patients taking antibiotics will develop diarrhea 

(8, 49, 80). Antibiotics associated with a higher rate of diarrhea generally have a broader 

spectrum of antimicrobial activity and include clindamycin, cephalosporins, and ampicillin/

amoxicillin (8). Previous studies have implicated a number of pathogens associated with 

AAD cases, including Clostridium perfringens, Staphylococcus aureus, Klebsiella oxytoca, 
Candida spp., and Salmonella spp. (49, 80). However, the most common pathogen 

associated with infectious AAD is C. difficile, which is responsible for an estimated 10–20% 

of all AAD cases (7, 8, 60).
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In 1974, Tedesco et al. (118) conducted a large, prospective study of clindamycin-associated 

colitis, which had become endemic in many hospitals. They noted that administration of 

clindamycin in 200 consecutive patients resulted in diarrhea in 21% and that the incidence of 

endoscopy-diagnosed pseudomembranous colitis was 10%. This study led to a search for an 

infectious cause of this colitis, which culminated in the identification of C. difficile as the 

main causative agent (11, 36). Koch’s postulates were first fulfilled on a rodent model using 

Syrian hamsters (10). Hamsters treated with clindamycin and subsequently challenged with 

C. difficile developed CDI manifested as a fatal colitis with pseudomembrane formation 

(11). Many other antibiotics were subsequently demonstrated to predispose to CDI, with the 

highest risk associated with clindamycin, cephalosporin, penicillin, and fluoroquinolones 

(41, 90).

Since C. difficile was first identified, a large area of research has centered on elucidating the 

role of the clostridial toxins in the colitis that characterizes CDI. The C. difficile toxins 

TcdA and TcdB mediate disease, and their genes are encoded on the 19.6-kb pathogenicity 

locus (PaLoc). The toxins are monoglycosyltransferases that catalyze the transfer of glucose 

onto the Rho family of GTPases, leading to disruption of the actin cytoskeleton and the 

barrier function of the epithelium, cell death, and apoptosis (125). Other genes housed on the 

PaLoc include a putative holin (tcdE) and two regulators of toxin production (tcdC, a 

negative regulator, and tcdR, an activator/sigma factor) (61, 75, 76, 125). Within the last 

decade there have been outbreaks worldwide due to an epidemic strain, BI/NAP1/027, that is 

attributed with increased toxin production and ability to sporulate, which could aid in 

transmission (79, 82, 114, 127). Epidemic strains contain virulence factor toxins TcdA and 

TcdB, produce increased toxin, have deletions in tcdC (which functions to repress toxin 

production), have a binary toxin, and are more resistant to fluoroquinolones in vitro (9, 114, 
127).

The strong association between CDI and antibiotic treatment has prompted investigation of 

how the indigenous intestinal microbiota normally keep the pathogen in check. Early on it 

was proposed that antibiotic administration alters both the structure and the function of the 

resident microbiota, reducing colonization resistance against C. difficile and other enteric 

pathogens (124, 131). Potential mechanisms for mediation of colonization resistance by 

members of the gut microbiota include competition for nutrients, taking up physical space, 

production of bacteriocins, and the host response (5, 94, 133). Multiple studies over the last 

70 years have demonstrated that colonization resistance could be overcome by administering 

antibiotics in small animal models (17, 18,42, 106, 121). The reduction of intestinal 

microbiota seen in mice correlated to a decrease in colonization resistance, with an increase 

in colonization of opportunistic pathogens Escherichia coli, Klebsiella pneumoniae, and 

Pseudomonas aeruginosa (121). Colonization resistance can be restored by a bacterial 

population composed primarily of anaerobes before antibiotic therapy and after recovery 

(121, 130). Multiple studies describe how antibiotics alter the gut microbiota, decreasing 

colonization resistance against pathogens, including Salmonella sp., Citrobacter sp., E. coli, 
and C. difficile (55, 73, 96, 116). The vast majority of studies have not determined exactly 

how antibiotics cause these effects on the microbial community. However, recent advances 

in our ability to characterize the structure and function of complex microbial communities 

have renewed interest in studying the exact mechanisms by which this occurs.
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STRUCTURE AND FUNCTION OF THE INDIGENOUS GUT MICROBIOTA

The human microbiome is the complex community of microorganisms that inhabits niches 

in and on the body. It is composed of an estimated 1014 cells, which is an order of magnitude 

higher than the number of host cells found in the human body (101). Gut microbiota 

constitute 70% of the human microbiome, with the highest numbers inhabiting the distal 

gastrointestinal tract, where there is an estimated density of 1012 organisms per gram (dry 

weight) of feces (35, 122, 137). Early studies of the gut microbiota utilizing culture-based 

techniques estimated that this community contains ~400–500 distinct species (85, 137). 

After the advent of culture-independent techniques to profile the gut microbiota, studies 

have estimated that there are at least 1,800 genera and between 15,000 and 36,000 species of 

bacteria in the human gut (39). A majority of the gut community (90–99%) in healthy 

humans and animals comprises two dominant phyla, Firmicutes and Bacteroidetes, and a 

smaller portion is made up of Proteobacteria, Actinobacteria, Verrucomicrobia, and 

Cyanobacteria (35, 72).

The recognition that the microbiome could play a critical role in human health and disease 

has led to efforts to characterize the structure and ultimately the function of this symbiotic 

community. During the last decade, a global movement directed by the International Human 

Microbiome Consortium in conjunction with the National Institute of Health’s Human 

Microbiome Project (HMP) began to catalog the bacterial populations residing on and in the 

human body (52, 93). Studies from these initiatives helped define the microbiota of healthy 

humans in different body sites (gut, skin, and vagina) and revealed unique microbiota 

populations associated with each site. (53). The microbial diversity within the healthy 

human population was affected by diet, environment, host genetics, and early exposure to 

microbes (53). Studies like this, focusing on the community structure of the gut microbiota, 

suggest that there is no single healthy microbiome structure, although this is still 

controversial (32). There is also evidence in both humans and other primates that the 

structure of the gut microbiota can be classified as distinct types or enterotypes (64, 84, 
134). However, these initial efforts focusing on microbiome structure could investigate only 

indirectly the function of these different structures and how they related to health and 

disease.

The gut microbiota provide many benefits to the host. They confer colonization resistance, 

shape the host immune response, and participate in key metabolic transformations (5, 63, 
121). A great deal of effort has been devoted to studying the most abundant phyla in the gut, 

Bacteroidetes and Firmicutes, under the assumption that the organisms contributing the 

greatest biomass are more likely to play a key role in bacterial metabolism (45, 113). Taking 

advantage of the availability of genetic tools to study the Bacteroidetes, many groups have 

demonstrated their ability to break down host glycans and nondigestible carbohydrates—

specifically, resistant starches and plant cell wall polysaccharides (37, 67, 108). Firmicutes, 

especially members of the Clostridium genus, are known for their ability to degrade 

polysaccharides and ferment amino acids (30, 37). Firmicutes make up more than 50–70% 

of the colonic bacterial community—specifically, members of the Lachnospiraceae and 

Ruminococcaceae families (38)—but our lack of genetic tools has hindered our knowledge 

of this phylum’s mechanistic functions. Development of genetic tools for members of the 
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Firmicutes will increase our understanding of how this group contributes to the metabolic 

profile of the gut.

Anaerobic microorganisms in the gut play a major role in fermenting complex carbohydrates 

and amino acids into short chain fatty acids (SCFAs), which are important for intestinal 

health (74, 120). It is estimated that each day 20 to 60 grams of undigested carbohydrates 

reach the colon, where they are available for microbial fermentation (29, 105). SCFAs, 

specifically butyrate, play an important role in regulating host gene expression, 

inflammation, differentiation, and apoptosis (23, 43, 107). Additionally, members of the gut 

microbiota are important for amino acid and protein digestion, although this has not been 

investigated extensively (30).

Members of the gut microbiota also play a pivotal role in lipid or bile acid metabolism (97). 

Bile acids are synthesized from cholesterol by hepatic enzymes, and they modulate 

lipoprotein, glucose, drug, and energy metabolism (27, 97). Many spore-forming, anaerobic 

members of the Clostridium genus are able to perform enzymatic reactions on conjugated 

bile acids, including deconjugation and 7α-dehydroxylation (27, 83, 97, 129). Once 

synthesized in the gallbladder, primary bile acids (unconjugated and conjugated) travel 

through the small intestine, where 95% of bile is absorbed in the terminal ileum, and through 

the hepatic system (97). The small amount of bile acids that reach the large intestine are 

further biotransformed by members of the gut microbiota via deconjugation and 

dehydroxylation into secondary bile acids, including deoxycholate (DCA), lithocholate 

(LCA), and ursodeoxycholate (UDCA) (Figure 1a) (83, 97).

EFFECTS OF ANTIBIOTICS ON THE STRUCTURE AND FUNCTION OF THE 

GUT MICROBIOTA

Antibiotics have profound effects on the structure and function of the gut microbiota. 

Dethlefsen & Relman (31) demonstrated that a five-day antibiotic course of ciprofloxacin 

significantly decreased richness and diversity of the gut bacterial community structure in 

three patients. Recovery of the bacterial community structure, to pre-antibiotic levels, was 

seen in only one patient four weeks after antibiotic treatment; others did not recover until six 

months after antibiotics (31). Correspondingly, mouse models have shown similar long-term 

disturbances to the gut microbiota after antibiotics: An antibiotic cocktail of amoxicillin, 

metronidazole, and bismuth (AMB) significantly altered the gut microbiota by decreasing 

bacterial diversity (3). Antibiotic-treated animals had a shift in gut microbial community 

structure, with an increase in Proteobacteria and a decrease in the Bacteroidetes and 

Firmicutes populations (3). Complete recovery time of the gut microbiota structure to 

baseline levels differed among animals based on treatments, with some mice recovering two 

weeks after stopping AMB and others recovering six months after stopping broader-

spectrum cefoperazone treatment.

In 2004, Young & Schmidt (136) demonstrated that administration of amoxicillin–clavulanic 

acid was associated with development of antibiotic-associated diarrhea (AAD). 

Administration of amoxicillin–clavulanic acid resulted in diarrhea that was not due to C. 
difficile. Antibiotic administration significantly reduced populations of members of the 
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Clostridiaceae family, which includes many of the butyrate-producing bacteria that are 

essential for colonic health (136). After a recovery period without antibiotics, Clostridiaceae 
returned to pre-antibiotic levels. Although this study did not directly assess the functional 

significance of the structure changes in the microbiome resulting from antibiotic 

administration, the authors and others speculated that accumulation of undigested 

carbohydrates in the colon resulted in osmotic diarrhea (14, 136).

To directly measure alterations in the function of the gut after antibiotics, researchers have 

moved beyond 16S rRNA gene sequencing surveys and are starting to apply other 

technologies, including genomics, transcriptomics, proteomics, and metabolomics. As noted 

above, metagenomic and metatranscriptomic analyses provide a catalog of potential 

metabolic functions of the microbiome; however, they do not directly measure function. 

Measuring proteins produced by the gut microbiota is a better measurement of function, 

although there are limitations in identifying uncharacterized proteins and evaluating enzyme 

activity. Currently, the function of the gut microbiota is most easily measured by defining 

the gut metabolome, the collection of host- and microbe-derived small molecules. The gut 

metabolome has direct links to phenotype and function of the gut microbiome (1, 62). 

Antibiotics and murine models have been exploited to better understand how the metabolic 

activities of the gut microbiota, in conjunction with host metabolism, shape the overall 

intestinal metabolome.

Because antibiotics alter the gut microbial community structure, this in turn significantly 

alters the gut metabolome (4, 135, 138). Streptomycin alters 87% of the fecal metabolome in 

mice, specifically those important for sugar, amino acid, fatty acid, steroid, bile acid, and 

eicosanoid metabolism (4). Bile acid metabolism was significantly altered, with increases in 

glycocholate, taurocholate (TCA), and taurochenodeoxycholate and decreases in 

chenodeoxycholate and cholate (4). Similarly, gentamycin and ceftriaxone decrease 

monosaccharides (glucose, fucose, xylose, and galactose) and SCFAs and increase 

oligosaccharides (sucrose, cellobiose, raffinose, and stachyose) as well as alter amino acid 

and bile acid metabolism (138). From these metabolomic studies and others, it is becoming 

evident that antibiotics not only alter the structure of the gut microbiota, but also alter gut 

bacterial metabolism, specifically bile acid, carbohydrate, and amino acid metabolism (100, 
135, 139).

ALTERATIONS IN GUT MICROBIAL COMMUNITY STRUCTURE AND C. 

DIFFICILE INFECTION

There are many animal models used to study CDI (16, 69); however, the mouse and hamster 

models have been most often leveraged to study the dynamics between antibiotics, the gut 

microbiota, and colonization of C. difficile. Clindamycin-treated Syrian hamsters are 

susceptible to CDI, and susceptibility was associated with a significant reduction in 

Bacteroidetes and Firmicutes and increased Proteobacteria in the gut (92). Early studies, 

shortly after Koch’s postulates were fulfilled in clindamycin-treated hamsters, found that 

mice treated with clindamycin alone did not succumb to CDI; however, germfree mice 

lacking gut microbiota were susceptible (89). In 2008 Chen et al. (26) reported a C. difficile 
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mouse model that approximates human CDI: An oral antibiotic cocktail (gentamycin, 

kanamycin, colistin, metronidazole, and vancomycin) is followed by an intraperitoneal 

injection of clindamycin to render mice susceptible to experimental CDI. Reeves et al. (96) 

used this model and others (22) used clindamycin alone to demonstrate that antibiotic 

pretreatment alters the gut microbiota: Overall bacterial diversity decreases, the relative 

abundance of Firmicutes and Bacteroidetes decreases, and Proteobacteria from the family 

Enterobacteriaceae increases. Mice treated with the broad-spectrum third generation 

cephalosporin, cefoperazone, also succumbed to CDI and had long-lasting changes to the 

gut microbiota, with a significant decrease in bacterial diversity, and a predominance of 

bacteria from the Firmicutes phylum—specifically, members of the Lactobacillaceae family 

(96, 119). Another study looked at the effects of tigecycline, a broad-spectrum glycylcycline 

that is being considered for treatment of patients with recurrent CDI because of its potent in 

vitro activity against C. difficile (12). Tigecycline treatment increased the levels of bacteria 

from the phyla Verrucomicrobia and Proteobacteria, with large losses in Bacteroidetes 
species resulting in susceptibility to C. difficile. Taken together, these studies indicate that 

susceptibility to CDI after antibiotics in murine models is associated with a decrease in 

bacterial diversity, an increase in Proteobacteria, and a decrease in Bacteroidetes. It is 

important to note, however, that no single microbiota structure confers susceptibility to C. 
difficile colonization. This implies that an examination of microbial community structure 

alone may not be sufficient to determine the mechanisms by which the gut microbiota can 

mediate colonization resistance.

To help determine the role of specific members of the gut microbiome in colonization 

resistance, investigators have introduced specific bacteria into antibiotic-treated or germfree 

mice. One group was able to reestablish colonization resistance against C. difficile with a 

bacterial consortium made up of Staphylococcus, Enterococcus, Lactobacillus, 
Anaerostipes, Bacteroidetes, and Enterorhabdus (68). Others have had some success with 

monoassociating germfree mice with bacteria, and partially restoring colonization resistance 

against C. difficile with nontoxigenic C. difficile, E. coli, Bifidobacterium bifidum, and 

members of the Lachnospiraceae (28, 86, 95). Again, because no single organism or 

community type appears to mediate colonization resistance independently, this implies that 

multiple organisms and communities may share functions critical for the establishment of 

colonization resistance.

Human studies looking at the interaction between antibiotics, the gut microbiota, and CDI 

are more limited. Most human studies have used the fecal microbiota as representative of the 

intestinal microbiota because samples are readily available and can be collected 

noninvasively. It should be noted that there is controversy over how representative the fecal 

community is to the more proximal sections of the intestine. In 2008, Chang et al. reported 

that patients with recurrent CDI had decreased bacterial diversity of the fecal microbiota, 

suggesting this could be a factor in colonization resistance (25). These results agree with a 

more recent study by Antharam et al., in 2013, who compared fecal microbiota of healthy 

subjects (n = 40) and subjects with AAD (n = 36) or CDI (n = 39) (2). A decrease in 

bacterial diversity, and species richness, was seen in the fecal microbiota of AAD and CDI 

patients compared to healthy controls. There was a decrease in butyrate-producing 

Ruminococcaceae and Lachnospiraceae, and from Clostridia clusters IV and XIVa. Similar 
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to mice, CDI patients had increased Enterococcus, Veillonella, Lactobacillus, and bacteria 

from the Gammaproteobacteria class (2). Similarly, another study, using a statistical 

modeling approach, found the loss of Bacteroides, Lachnospiraceae, and Ruminococcaceae 
was associated with CDI in humans (103).

More recent work has studied fecal microbiota transplantation (FMT) for recurrent CDI. 

Patients with severe CDI refractory to traditional antibiotic treatment have had success with 

FMT, which restores colon homeostasis by reintroducing bacteria from healthy donor stool 

(59, 123). Although the success rate for FMT for patients with recurrent CDI is greater than 

90%, the mechanism behind this treatment is unknown (66). Investigators have examined 

how FMT changes the structure of the fecal microbiota in patients with recurrent CDI. 

Bacteroidetes increased and Proteobacteria decreased in fecal microbiota following 

successful transplantation (47, 104). Moreover, the metagenomic potential of the bacterial 

communities were defined, and amino acid transport systems were overrepresented in 

samples prior to FMT (104).

Structural changes to the gut microbiota in humans do resemble those in mice that are 

susceptible to CDI. Similar to what was observed in mouse models of CDI, there is not a 

single structure that correlates with susceptibility to CDI; accordingly, multiple community 

structures exhibit colonization resistance to C. difficile. This has prompted examination of 

the functional changes that antibiotics cause in the intestinal microbiota. Here, we focus on 

the intersection between alterations in the gut metabolome and the physiology of C. difficile.

ANTIBIOTIC-INDUCED ALTERATIONS IN GUT MICROBIAL METABOLISM 

AND RELATIONSHIP TO C. DIFFICILE PHYSIOLOGY

To correlate observed antibiotic-associated decreases in bacterial diversity and shifts in the 

most abundant bacteria with changes in colonization resistance, our group and others have 

examined how antibiotic administration alters intestinal bacterial metabolism. We assumed 

that an understanding of the metabolic requirements for C. difficile germination, growth, and 

toxin production in vivo could provide mechanistic understanding of how this organism is 

able to gain a foothold in the gut following antibiotic alteration of the gut environment.

We examined structural and metabolomic changes induced by antibiotics in the gut and 

correlated them with susceptibility to CDI in a mouse model. We again noted that multiple 

structures of the murine gut microbiota result in resistance to CDI. Despite these structural 

differences, we noted that the metabolic profiles associated with these different communities 

were similar, suggesting that multiple structures have redundant functions and that structure 

alone does not dictate functionality of the gut (119). Susceptibility to CDI was associated 

with an increase in the primary bile acid TCA, a germinant of C. difficile spores, and 

increases in amino acids, simple sugars, and sugar alcohols—growth substrates for C. 
difficile vegetative cells (119). Alterations in the gut metabolome after antibiotics allow for 

C. difficile spore germination and outgrowth of vegetative cells, suggesting that alterations 

in gut bacterial metabolism are important for colonization resistance against C. difficile 
(Figure 1b). To put these results into context, we now discuss how products from bacterial 
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metabolism are able to affect key aspects of C. difficile physiology and pathogenesis, 

including spore germination, vegetative outgrowth, and toxin production.

Bile Acid Metabolism

Members of the large intestinal microbiota play an important role in the biotransformation of 

primary bile acids into secondary bile acids (97). C. difficile spores require a germinant—

specifically, bile acids—to switch from a dormant state to an actively growing vegetative cell 

(110, 132). Initial work on the relationship between bile acids and C. difficile spore 

germination dates back to 1982 in vitro studies by Wilson et al. (132), who found that media 

supplemented with sodium taurocholate increased the recovery of spores. Subsequent work 

by Sorg & Sonenshein (112) demonstrated that, in vitro, bile acids made by the host can 

both inhibit and support C. difficile spore germination and outgrowth. For maximal spore 

germination, both glycine and TCA are needed, whereas chenodeoxycholate (CDCA) 

inhibits both spore germination and outgrowth of vegetative cells (110). Most important, the 

secondary bile acid DCA stimulates spore germination but inhibits growth of C. difficile, 

which has been suggested as a mechanism of colonization resistance (110, 111). Clinical 

strains of C. difficile can utilize a wide spectrum of bile acids for spore germination, 

whereas others are specific to TCA (24, 48).

Although there have been many in vitro studies looking at the requirements for spore 

germination, there are fewer ex vivo and in vivo studies. Filtered gut content from antibiotic-

treated mice is able to stimulate growth of C. difficile spores (44). This was also seen in the 

small intestine of non-antibiotic-treated mice (44). Spore germination occurs before and 

after antibiotics primarily in the ileum of mice, and outgrowth of C. difficile is localized to 

the large intestine, only after antibiotics (65). Bile acids present in the murine ileum after 

antibiotics cholate and taurochenodeoxycholate (TCDCA) are able to support germination of 

C. difficile spores at physiological concentrations (65). Antibiotics alter the bacterial 

community that is capable of deconjugation and dehydroxylation of primary bile acids in the 

gut, resulting in decreased secondary bile acids and increased primary and conjugated bile 

acids (Figure 1b) (117, 119, 126).

The ability of specific bile acids to either enhance or inhibit C. difficile spore germination 

and vegetative cell outgrowth will be important for reestablishing colonization resistance 

against C. difficile. This concept was first suggested by Sorg & Sonenshein (112) in 2010, 

and more recent data support this hypothesis (21, 109, 128). Multiple studies have shown 

that restoration of secondary bile acids by members of the gut microbiota helps restore 

colonization resistance against C. difficile in humans, and to some extent in mice (21, 119, 
128). Going forward we need to understand how the gut microbiota alter bile acids in vivo 

and how this in turn alters C. difficile germination and colonization. Collecting relevant 

samples from the human gastrointestinal tract continues to be challenging, because spore 

germination and colonization occur upstream of the feces, which is the most commonly used 

analyte to measure gut microbiota structure.

Bacterial cocktails to replenish the level of secondary bile acids in the large intestine are a 

potential therapeutic approach to restore colonization resistance against C. difficile. Ability 

to control the amount of secondary bile acid produced is an important consideration, as too 
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much DCA increases the risk of colon cancer (15). Because bile acids are important for 

regulating the physiology of the host, a careful balance is necessary to ensure that both the 

host and the gut microbiota remain healthy. Delivery of bacteria and targeted enzyme 

therapies will need to be explored in animal models before they are used to treat humans. It 

would be convenient if bile acids were the sole mechanism for colonization resistance 

against C. difficile in the gut, but other less-studied factors may contribute to colonization 

resistance, including competition for nutrients.

Fermentation of Carbohydrates and Amino Acids

Members of the gut microbiota have different metabolic requirements and are able to 

compete for a variety of nutrients. C. difficile requires amino acids (cysteine, isoleucine, 

leucine, proline, tryptophan, and valine) and vitamins (biotin, pantothenate, and pyridoxine) 

to grow (20, 56). Also, C. difficile is able to ferment carbohydrates including fructose, 

glucose, mannitol, mannose melezitose, sorbitol, and sialic acids (87, 102). In 1988, Wilson 

& Perini (133) first highlighted how the colonic microbiota were able to compete for 

nutrients, including glucose, N-acetylglucosamine, and sialic acids, against C. difficile, 

resulting in suppression of growth. Since then few studies have looked at the role of 

competitive exclusion by members of the gut microbiota. Epidemic strains have shown an 

increased competitive fitness and expanded nutrient utilization profile compared with 

nonepidemic strains (98, 102). Other Clostridium species with overlapping metabolic 

requirements compete with C. difficile for nutrients, suppressing its growth (70, 86).

In germfree mice monoassociated with Bacteroides thetaiotaomicron, sialidases from B. 
thetaiotaomicron released host-sugar sialic acids from the mucus, providing C. difficile 
nutrients for enhanced growth (88). This finding is interesting, although it may be specific to 

the germfree background, because all other identified microbiota structures resulting in 

susceptibility to C. difficile are associated with a loss of Bacteroidetes. Competition for 

nutrients is more complex in the gut of a conventional mouse, with a complex gut 

microbiota; thus, it is critical to determine how the bacteria in a community are able to 

suppress C. difficile.

Antibiotic treatment alters anaerobic fermentation of carbohydrates in the gut, resulting in 

decreased SCFA production (50, 51). Only a handful of studies have looked at the level of 

SCFAs with respect to colonization resistance against C. difficile in the gut. Pigs on a high-

fiber diet produced more SCFAs, especially butyrate, which correlated with decreased pH 

and was able to inhibit C. difficile colonization (77). Similarly, SCFA concentrations in the 

hamster cecum (specifically, butyrate) were able to inhibit growth of C. difficile in vitro 

(99). Antibiotics alter the gut microbiota, decreasing the level of SCFAs present in the gut, 

resulting in the ability of C. difficile to colonize (119). The loss of SCFAs in the gut is 

hypothesized to increase pH, but this has not been extensively studied in relation to how 

SCFAs can alter C. difficile colonization. There is some evidence that proton-pump inhibitor 

(PPI) usage is associated with increased risk of CDI, although a large-scale study has found 

no association between PPIs and recurrent CDI in patients (40).

C. difficile toxin expression is regulated by many nutrients found in the gut, including 

butyrate (58). C. difficile toxin is induced during stationary phase growth, when nutrients 
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become limited, and is affected by amino acids, butyrate, butanol, glucose, and other carbon 

sources. More specifically, proline, cysteine, butanol, or glucose represses C. difficile toxin 

when supplemented in media (34, 54, 57, 58). However, butyrate supplemented in growth 

media induces C. difficile toxin, suggesting a relationship between C. difficile metabolism 

and virulence factors (19, 58). Understanding what metabolites are present in the 

gastrointestinal tract before and throughout CDI will be important for modulating virulence.

CONCLUDING REMARKS

There is and will continue to be great interest in studying the gut microbiota in the context of 

different disease states. Many diseases are associated with alterations in the gut microbiome, 

including CDI, diabetes, obesity, cancer, and metabolic syndrome; however, few studies 

have demonstrated a mechanistic link. Strategies including metabolomic analysis will allow 

us to move beyond structural characterization and associations toward a determination of 

causation via the functions that the microbial communities carry out. We have done more 

than determine the structure of microbial communities in the context of CDI; we have 

defined the chemical environment and identified key metabolites that C. difficile can utilize 

for germination and growth, which leads to disease. This approach provides a mechanistic 

understanding of how this organism is able to gain a foothold in the gut following antibiotic 

alteration of the gut environment. By applying new strategies to define the many functions of 

the gut microbiota, we are closing in on the causes—which will ultimately lead us to better 

preventive and therapeutic interventions against infectious diseases.
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Figure 1. 
Antibiotic-induced alterations in gut microbial metabolism decrease colonization resistance 

against C. difficile. (a) Bile acids are synthesized from cholesterol by hepatic enzymes. Once 

synthesized in the gallbladder, primary bile acids (e.g., conjugated, TCA, and unconjugated, 

CA) travel through the small intestine, where 95% of bile is absorbed in the terminal ileum 

and through the hepatic system. The small amount of bile acids that reaches the large 

intestine is further biotransformed by members of the gut microbiota via deconjugation and 

dehydroxylation into secondary bile acids, including DCA, LCA, and UDCA. C. difficile 
spores can use primary bile acids TCA and CA in the ileum for germination from a spore to 

an actively growing vegetative cell. The presence of secondary bile acids and competition 

from other members of the indigenous gut microbiota are able to inhibit C. difficile 
outgrowth and colonization in the large intestine. (b) Antibiotic treatment alters the gut 

microbiota structure, specifically decreasing bacteria that are able to deconjugate and 

dehydroxylate primary bile acids into secondary bile acids, as shown in the striped red box. 

The loss of secondary bile acid metabolism and competition from the gut microbiota allow 

for C. difficile outgrowth, toxin production, and disease. Abbreviations: CA, cholate; DCA, 

deoxycholate; LCA, lithocholate; TCA, taurocholate; and UDCA, ursodeoxycholate.
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