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Abstract

Clostridioides difficile is the leading cause of hospital-acquired gastrointestinal infections and a
major public health burden in the United States. C. difficile infection causes a spectrum of disease
from mild diarrhea to severe complications such as pseudomembranous colitis, toxic megacolon
and death. This broad range of disease is only partially explained by bacterial genetic factors, host
genetics, comorbidities and previous drug exposures. Another important factor is the gut
microbiome, the disruption of which results in a loss of colonization resistance to C. difficile.
Here, we review how gut microbiota and their metabolites impact C. difficile virulence and
influence disease.
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Introduction

The vast collection of bacteria, archaea, fungi and viruses that inhabit the gastrointestinal
tract is important for human health. One area under continued research is what role this
microbial community, termed the gut “microbiome”, plays during infection with
gastrointestinal pathogens and how these interactions influence disease. In this review, we
will focus on the impact of the gut microbiome on Clostridioides difficile (also known as
Clostridium difficile) [1]. C. difficileis a Gram-positive, anaerobic, spore-producing
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bacterium responsible for 73% of all hospital-care associated gastrointestinal infections (Gl)
[2]. C. difficile infection (CDI) can cause a spectrum of disease from mild diarrhea to severe
complications such as pseudomembranous colitis, toxic megacolon and death (reviewed in
[3]). This broad spectrum of C. difficile-associated disease may be explained in part by
bacterial genetic factors such as variation in the pathogenicity locus [4] and increased
accessory gene content [5,6]. There is also likely a strong role for exogenous factors such as
host genetics, comorbidities, treatment modalities and previous drug exposures. Here we
focus on how resident microbiota can manipulate pathogen behavior and virulence. We also
forecast the impact of uncovering the molecular mechanisms underlying these interactions.

The estimated number of CDIs in the United States in 2015 was 453,000, which were
associated with approximately 29,000 deaths [7]. Worldwide, the estimated incidence of C.
difficile cases is about 50 cases per 100,000 people per year [8]. Historically thought of as a
nosocomial infection, CDI cases have been arising from the community [9] and a potential
origin of these infections is from domesticated animals [10,11]. Altogether, CDI is not just a
threat to certain vulnerable hospitalized populations, but is a larger public health concern
involving both humans and animals. Since the United States Centers for Disease Control
aims to reduce CDIs by 30% by 2020 [12], fully understanding C. difficile pathogenesis
with the goal of preventing, treating, and reducing disease and disease recurrence is crucial
to this endeavor.

A commonality in known risk factors for CDI, which include antibiotic usage, advanced age,
inflammatory bowel disease, and immunosuppression, is disruption of the intestinal
microbial ecosystem or “dyshiosis” [3]. While exposure to antibiotics is the primary risk
factor for CDI, the increased prevalence of cases in the absence of antibiotics [9] suggests
that other environmental factors, such as diet, or drug usage, may play a role in modulating
the microbiome. Regardless of the cause of microbial community disruption, the result is a
decrease in microbial diversity, alterations in the abundances of several important bacterial
taxa, and a loss of colonization resistance. Colonization resistance encompasses numerous
mechanisms by which the indigenous microbiota impedes exogenous pathogens from
establishing infection. These mechanisms include competition for essential nutrients,
limiting access to mucosal surfaces, direct production of antimicrobial molecules,
modulating the intestinal metabolome, and activating the host immune system against the
pathogen of interest [13]. Differences in the host microbiome and metabolome have long
been observed to be associated with development, resolution and recurrence of CDI [14-21].
Recent work has begun to investigate the mechanisms by which these specific bacteria and
metabolites impact development of CDI and disease manifestations (Figure 1).

Intestinal Metabolites Modulate C. difficile Behavior

Metabolism forms a common foundation for all cellular processes for the host, its resident
microbiota, and invading pathogens. Metabolic crosstalk between bacteria is already known
to profoundly impact the behavior of pathogens in various settings. For example, microbial
synergy in the form of polymicrobial biofilms results in pathologic colonization of the oral
cavity, the middle ear, chronic ulcerating wounds and the lung [22]. Open questions include
which microorganisms synergize with C. difficile and how might metabolites be sensed and
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integrated by each partner in these relationships to impact their behavior, lifestyle, and
potential virulence.

One well-established example of metabolic interactions in CDI is how microbial modulation
of host bile salts impacts C. difficile colonization of the host (reviewed in [23]). In order to
germinate, C. difficile spores sense primary bile acids [24], such as cholate and taurocholate
[25,26], which are produced by the liver and secreted into the intestinal lumen. Numerous
gut microbiota metabolize primary bile acids, using bile salt hydrolases and bile acid-
inducible enzymes [27,28], to generate both unconjugated primary bile acids (such as
cholate and chenodeoxycholate) and secondary bile acids (SBAs), some of which can inhibit
C. difficile growth [29-32]. The secondary bile acids lithocholate and deoxycholate are
significantly elevated in healthy subjects compared to those with either primary or recurrent
CDI [18]. These observations are consistent with the fact that lithocholate inhibits C.
difficile spore germination [33] and that deoxycholate inhibits growth of vegetative C.
difficile cells [25]. Furthermore, bile-salt hydrolases and SBAs generally increase after fecal
microbiota transplantation [34-36]. The functionality of this restored bile acid pool from
FMT-treated CDI subjects has been demonstrated by successful inhibition of C. difficile
germination and growth /n vitro [37]. Future research focused on utilizing rationally
designed microbial consortia and probiotic organisms to manipulate the bile acid pool could
show promise for treatment of primary and recurrent CDI.

Bile acids may also impact other aspects of C. difficile virulence. C. difficile produces two
enterotoxins, TcdA and TcdB, which are the primary drivers of pathogenesis by causing
intestinal epithelial cell damage leading to a robust inflammatory response by the host [38].
Recent work investigated the ability of microbial-derived bile acids found in humans
(deoxycholate, isodeoxycholate, lithocholate, isolithocholate, and ursodeoxycholate) to
impact toxin production by clinically relevant C. difficile strains [32]. Exposure to low
concentrations of deoxycholate, one of the most abundant cecal bile acids [39,40], reduced
toxin production by most strains, without a concomitant reduction in general vegetative cell
growth [32]. Furthermore, sub-lethal concentrations of deoxycholate stimulate antibiotic-
resistant C. difficile biofilm formation /n vitro [48]. Together, these studies show that a
shifting composition of intestinal bile acids can either promote or halt successful
colonization, growth, persistence and virulence by C. difficile. A crucial next step should
focus on understanding where and when C. difficile is exposed to specific bile acids during
colonization, outgrowth, and persistence in the dynamic and volatile environment of the
infected intestinal tract.

Beyond bile acids, there is rich metabolic potential in the microbiota that can likely impact
C. difficile behavior and virulence, and the outcome of infection. Previous work has shown
the importance of microbially-derived sialic acid and succinate in CDI utilizing mice mono-
colonized with Bacteroides thetaiotaomicron, a model gut commensal [41,42]. B.
thetatiotaomicron encodes sialidases which cleave and release the terminal sugar sialic acid
from mucosal glycoconjugates, but does not possess the catabolic enzymes required to
actually consume it. In the first study, it was demonstrated that B. thetatiotaomicron cross-
feeds sialic acid to C. difficile, and that utilization of sialic acid improves C. difficile
expansion in the gut [41]. In the subsequent study, analysis of C. difficile gene expression
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when infecting a B. thetaiotaomicron mono-colonized mouse revealed the importance of
carbohydrate transport and metabolism, and specifically in conversion of succinate to
butyrate [42]. It was observed that succinate levels were elevated in cecal contents after
antibiotic treatment and experimentally-induced diarrhea. Similar to sialic acid, succinate
appears necessary for C. difficile expansion in the gut. The authors posit that B.
thetaiotaomicron produces high levels of succinate during its fermentation of dietary
carbohydrates, and that C. difficile reduces succinate to butyrate, regenerating the electron
acceptor NAD+, to support fermentation of other energy sources. These interactions
exemplify how the enzymatic potential of a bacterial community can impact CDI.

Numerous metabolites change in abundance during CDI. For example, proline, branched-
chain amino acids, and carbohydrates decrease in abundance as C. difficile colonizes the
mouse cecum [21]. Additionally, end products of Stickland fermentation, a process used by
C. difficile to metabolize amino acids, are found to increase [20]. In humans, it has been
observed that low levels of cholesterol and high levels of coprostanol, a microbially-derived
byproduct of cholesterol metabolism in the gut, discriminate between a CDI-associated and
healthy gut microbiome [19]. Yet the role of these sterols in disease is still not understood.
These shifts in the metabolome may not simply be a hallmark of toxin-induced disruptions
in intestinal physiology. Colonization with non-toxigenic C. difficile results in an altered gut
metabolome which is different from both healthy and active disease states [16], as might be
expected when an invasive organism establishes itself in the gut. While these initial studies
were instrumental in highlighting some of the metabolic changes during CDI, gross
measures of intestinal metabolites preclude direct implication of the types of bacteria
producing and using each compound.

Interspecies Interactions during C. difficile Infection

Which bacteria are primarily responsible for manipulating these key metabolites, and can
they can be harnessed to alter the metabolic milieu as a therapeutic intervention in CDI?
Attention has been given to Clostridium scindens as analyses of both mouse models and
hospitalized patients previously determined that C. sc/indens is associated with resistance to
CDI [29]. C. scindens is one member of the gut microbiome that can convert the primary
unconjugated bile acid cholate into deoxycholate by 7a-dehydroxylation [43]. Generally, the
prevalence of the ba/CD gene cluster, encoding a key enzyme of this biotransformation, is
higher in fecal samples of C. difficile negative hospitalized patients than those with active
CDI [44]. Furthermore, /n vitro co-culture of C. difficileand C. scindens in the presence of
cholate leads to inhibition of C. difficile growth [45]. Similarly, administration of a
microbiota consortia that included C. scindens to antibiotic-treated or gnotobiotic mice
enhanced resistance to subsequent CDI and restored the abundances of the C. difficile
inhibitory bile acids, deoxycholate and lithocholate [29,30].

Besides transforming primary bile acids to SBAs and limiting C. difficile germination and
growth, C. scindens may impact C. difficile viability by producing antibiotics. It has recently
been observed that C. scindens and other bile acid 7a.-dehydroxylating human gut bacteria
inhibit C. diifficile growth by secreting antibiotic compounds. These compounds were
subsequently determined to be the indole-derived turbomycin A and 1,1,1-tris(3-indolyl)-
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methane [45]. Interestingly, the presence of deoxycholate and cholate enhanced the
antimicrobial activity of these compounds against C. difficile through a currently unknown
mechanism. Given these data, C. scindens is being pursued as a “probiotic” to protect or
treat CDI [46]. However, it should be noted that presence of C. scindensin the gut may not
protect against or resolve CDI on its own [47], as its probiotic activity might be modulated
by other members of the gut microbiota. Furthermore, co-culture of C. scindens with C.
difficile in vitro enhances biofilm formation [48] and biofilms are likely to enhance
resistance of C. difficile to antibiotics.

Other commensal bacterial species have been targeted as potential probiotics. Lactobacillus
is a genus of Gram-positive, facultative anaerobes that are nearly synonymous with the term
“probiotic”. Several studies have looked at the effects of various Lactobacillus species
(including L. acidophilus, L. delbrueckii, L. fermentum, L. gasseriand L. plantarum) on C.
difficile virulence. Generally, in vitro co-cultures of Lactobacillus species and C. difficile
lead to inhibition of the latter’s growth, which is likely due to acidification of the
environment by the former [49-51]. However, when co-cultures control for changes in pH
and in tests of C. dlifficile growth in cell-free Lactobacillus conditioned media, it has been
observed that several species decrease quorum sensing, expression of pathogenicity locus
genes and subsequent toxin production by C. difficile [49,50,52]. The protective effect of
Lactobacillus given as a monoculture or consortia-based probiotic for CDI has been shown
in mice [49,52,53] and in adults and children taking antibiotics [54]. Metabolites and other
molecules produced by Lactobacillus may also influence C. difficile’s interaction with the
host, as Lactobacillus cell-free supernatants decrease the pathogen’s ability to adhere to
epithelial cells /n vitro [55,56].

Evidently, different commensal bacterial species and strains impact C. difficile behavior.
What, then, of the interactions between C. difficile and enteric bacteria whose expansion is
characteristic of the dysbiosis occurring before and during CDI? The broad decreases in gut
microbiota diversity, but not necessarily bacterial load, observed after antibiotic treatment
are often characterized by expansion of specific bacteria, such as Enterobacteriaceae and
Enterococcus [57,58]. These same bacteria are known to thrive during intestinal
inflammation (reviewed in [59])) and during CDI [17,60]. Further understanding is needed
on whether and how these organisms take advantage of the environment prior to and during
CDI and alter the clinical course of infection.

C. difficile contributes to changing the intestinal metabolite milieu that is already departed
from homeostasis in the dysbiotic state preceding CDI. For example, high levels of indole
were detected in a recent screen of fecal metabolites from CDI patients [61]. It was
suggested that C. difficile induces indole production by Escherichia coli. This cross-talk
involves the accessory gene regulator (Agr) 1 quorum sensing system of C. difficile and the
tryptophanase gene of E. coli, although the precise mechanism is still unknown.
Furthermore, this study showed that indole directly limited the growth of many anaerobic
gut bacteria /n vitro, notably Bifidobacterium longum, other Clostridium species, and
Flavobacterium sp [61]. Another mechanism by which C. difficile inhibits specific members
of the gut microbiota is through its fermentation of tyrosine to produce para-cresol [62]. This
ability was recently shown to grant C. difficile a competitive growth advantage /in vitro,
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specifically over Gram-negative bacteria of the Bacteroidaceae and Enterobacteriaceae
families [63]. Additionally, C. difficile deficient in para-cresol production showed a modest
reduction in microbial burden in a recurrent mouse model of C. difficile infection, although
there was no difference in initial colonization. C. difficile can also secrete proline-based
cyclic dipeptides that can inhibit gut bacteria, including commensal Clostridium species
[45]. Whether these antibacterial peptides are produced by C. difficile in vivo, and what role
they play in contributing to infection-associated dysbiosis remains to be uncovered.

Conclusions

Significant gains in our understanding of CDI have been achieved with high-throughput
metagenomic and metabolomic surveys of the gut before, during and after CDI coupled with
mechanistic insights from molecular microbiology experiments. Of course, it is inherently
difficult to predict what occurs in the complex environment of the human gastrointestinal
tract during the dynamism of an ongoing infection. Therefore, gnotobiotic mouse models
and bioreactor systems will be instrumental in singling out the importance of a limited
number of polymicrobial interactions and metabolic pathways of interest during
pathogenesis. Additional understanding will be gained by incorporating advanced imaging
technologies to interrogate the spatial dynamics of the microbial and metabolic environment
during CDI. Beyond the scope of this review is the adjacent, yet important, topic concerning
how microbial metabolites can modulate the host innate and adaptive immune response to C.
difficile. Evolving in vitro models, such as the newly developed anaerobic intestine-on-a-
chip [64], will allow study of how the microbiota and their metabolites impact the host
epithelia and vice versa during CDI and various other gastrointestinal diseases. With the
technological advances available at present and those that will undoubtedly be developed in
the future, along with classic microbiological techniques, untangling the network of host-
microbiota-pathogen interactions to more comprehensively understand CDI is within grasp.
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Figure 1: Impact of Gut Microbiota and Intestinal Metabolites on C. difficile Infection
Exposure to C. difficile can cause a spectrum of disease ranging from asymptomatic

colonization to mild infection treatable with antibiotics to severe intestinal pathologies. A
disturbed gut microbiota usually precedes C. difficile infection as the normal enteric
microbial flora provide colonization resistance against the pathogen. This is accomplished
by their conversion of primary bile acids to secondary bile acids, which generally inhibit the
growth of C. difficile. In contrast, other bacterial metabolic products, such as sialic acid and
succinate, promote C. difficile growth. Intestinal epithelial cells and resident innate immune
cells are affected by C. difficile toxin, which ultimately leads to disruption of the epithelial
layer and development of a pro-inflammatory environment. Several other metabolites and
bacteria are under consideration for their role in C. difficile disease (discussed in the text) by
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either directly impacting the pathogen or indirectly influencing the host immune response to
infection.
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