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GUT MICROBIOTA

Clostridioides difficile uses amino acids associated
with gut microbial dysbiosis in a subset of patients

with diarrhea
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The gut microbiota plays a critical role in pathogen defense. Studies using antibiotic-treated mice reveal mechanisms
that increase susceptibility to Clostridioides difficile infection (CDI), but risk factors associated with CDI in humans
extend beyond antibiotic use. Here, we studied the dysbiotic gut microbiota of a subset of patients with diarrhea
and modeled the gut microbiota of these patients by fecal transplantation into germ-free mice. When challenged
with C. difficile, the germ-free mice transplanted with fecal samples from patients with dysbiotic microbial com-
munities showed increased gut amino acid concentrations and greater susceptibility to CDI. A C. difficile mutant
that was unable to use proline as an energy source was unable to robustly infect germ-free mice transplanted with
a dysbiotic or healthy human gut microbiota. Prophylactic dietary intervention using a low-proline or low-protein
diet in germ-free mice colonized by a dysbiotic human gut microbiota resulted in decreased expansion of wild-type
C. difficile after challenge, suggesting that amino acid availability might be important for CDI. Furthermore, a
prophylactic fecal microbiota transplant in mice with dysbiosis reduced proline availability and protected the
mice from CDI. Last, we identified clinical risk factors that could potentially predict gut microbial dysbiosis and thus
greater susceptibility to CDI in a retrospective cohort of patients with diarrhea. Identifying at-risk individuals and
reducing their susceptibility to CDI through gut microbiota-targeted therapies could be a new approach to pre-

venting C. difficile infection in susceptible patients.

INTRODUCTION

The composition and function of the gut microbiota are integral to the
biology of the host. It is well established that a “healthy” gut microbiota
is beneficial, whereas a disrupted or dysbiotic microbiota is associated
with negative host outcomes including an increased risk of infection,
chronic inflammatory or autoimmune conditions, or cancer (1-5).
The study of gut microbial dysbiosis as it relates to human health
has proved challenging as great variability exists in the composition
and function of both healthy and dysbiotic gut microbiotas. It is
difficult to assign discrete criteria that ubiquitously define dysbiosis
in human populations. To attempt to study gut microbial dysbiosis
in a controlled system, mouse models have been developed using
antibiotic-mediated perturbations in conventionally raised mice to
mimic the human dysbiotic state (6-9). However, limitations include
the homogeneous nature of microbial disruption, which fails to cap-
ture the diversity of mechanisms that cause gut microbiota alterations
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in normal human populations and the inability to mimic the natural
and anomalous compositional variations of the human gut micro-
biota in response to antibiotics or other microbiota-altering insults.
A promising alternative is the use of germ-free mice to model the
human gut microbiota (10). Recent work has shown that germ-free
mice can faithfully recapitulate the structure and function of human
gut microbial communities (11, 12).

Diarrhea is one of the most common symptoms of gastrointesti-
nal (GI) disorders, and recent reports have identified gut microbial
alterations that are linked to changes in GI transit time (9, 13-15).
These diarrhea-induced gut microbial alterations may allow for ex-
pansion of opportunistic pathogens. Because diarrhea is a broad
symptom reflective of many potential underlying causes of dysbiosis,
we examined a patient population with diarrhea to identify human
subjects with gut microbial dysbiosis. We then modeled diverse human
gut microbial communities in germ-free mice to understand the
metabolic and functional changes associated with dysbiosis and their
effects on pathogen susceptibility using the common opportunistic
gut pathogen Clostridioides difficile (formerly Clostridium difficile).

C. difficile is considered an opportunistic pathogen due in part
to the robust barriers to infection mediated by the gut microbiota.
Among these barriers is the microbial production of secondary bile
acids, which inhibit C. difficile growth (6, 16-18). Disruption of mi-
crobial community structure can reduce microbial diversity and
production of inhibitory metabolites such as secondary bile acids,
creating a permissive condition for C. difficile colonization. However,
metabolic factors that contribute to successful colonization of
C. difficile under dysbiotic conditions remain unclear. Here, we
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demonstrate that, when modeled in germ-free mice, the dysbiotic
human gut microbiota of patients with diarrhea was characterized
by an increase in free amino acids, particularly proline, that rendered
the mice more susceptible to C. difficile infection.

RESULTS
A subset of patients with diarrhea have a gut microbiota
distinct from that of healthy individuals
To determine the effect of diarrhea on the human gut microbiota,
we profiled gut microbial community composition using the 165 rRNA
gene in 115 patients who presented with diarrhea (table S1). All
of the individuals tested negative for C. difficile and other common
bacterial enteric pathogens and had a spectrum of underlying con-
ditions (e.g., inflammatory bowel disease, irritable bowel syndrome,
medication-induced diarrhea, traveler’s diarrhea, lactose intolerance,
or dysautonomia; fig. S1A). Principal coordinate analysis (PCoA)
based on B-diversity showed a wide distribution of microbial com-
munities in the individuals with diarrhea (Fig. 1A). Partitioning
around medoids (PAM) clustering analysis with the gap statistic
identified two distinct clusters as optimal, a healthy-like cluster (H)
and a dysbiotic cluster (D) (Fig. 1A, and fig. S1, B and C) (19).
Microbial communities from patients with diarrhea within the
healthy-like cluster grouped with those of 118 healthy controls (20);
communities from patients within the dysbiotic cluster did not
group with the healthy controls or the healthy-like cluster (Fig. 1, A

and B). In addition, patients within the healthy-like cluster were
more likely to be misclassified as healthy controls compared to pa-
tients in the dysbiotic cluster based on a random forest supervised
learning algorithm using OTU-level abundance (fig. S1D). Hence,
we referred to patients within this cluster as healthy-like. Patients
within the dysbiotic cluster were referred to as dysbiotic, given
the difference in their microbial composition compared to healthy
controls. The gut microbiota of the dysbiotic group was charac-
terized by significantly decreased microbial richness and even-
ness when compared to the gut microbiota of the healthy-like group
(P < 0.0005; Fig. 1C). In addition, it was characterized by a signifi-
cantly increased relative abundance of Enterococcus, Enterobacter,
and Bacteroides OTUs and decreased Faecalibacterium, Roseburia,
Blautia, and Bacteroides OTUs (P < 0.02; Fig. 1D and table S2) when
compared to the gut microbiota of the healthy-like group. Alterations
in gut microbial community structure were not associated with a
defined etiology of diarrhea (P = 0.12, univariable logistic regression;
table S3).

To begin to determine the functional consequences of the gut mi-
crobial dysbiosis defined above, we compared the community struc-
ture of the gut microbiota of dysbiotic individuals to a separate
cohort of patients with confirmed C. difficile infection (CDI). C. difficile
is an opportunistic gastrointestinal pathogen of great interest in the
clinical setting and has been shown to exploit open niches associated
with dysbiosis as a means of establishing infection (2). The dysbiotic
gut microbial communities were more similar to the communities
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Fig. 1. A subset of patients with diarrhea have a dysbiotic gut microbiota. (A) B-Diversity (unweighted UniFrac) of the gut microbiota of healthy control individuals
(n=118) compared to patients with diarrhea clustered on the basis of partitioning around medoids (PAM) [cluster H (healthy-like), n = 78 and cluster D (dysbiotic), n = 37].
(B) Unweighted UniFrac distances between healthy-like and a dysbiotic gut microbiota from patients with diarrhea compared to a healthy control gut microbiota. The
plotted median with interquartile range (IQR) and SD (Bonferroni-corrected P < 0.0001, t test) is shown. (C) a-Diversity as indicated by the Shannon diversity index is
shown for dysbiotic and healthy-like gut microbiotas from patients with diarrhea. Plotted averages with SEM (***P < 0.0005, t test). (D) Heatmap showing significantly
different microbial taxa between healthy-like and dysbiotic gut microbial communities. The operational taxonomic unit (OTU) number is featured after the genus (all
Bonferroni-corrected P < 0.02, Wilcoxon rank-sum test). (E and F) B-Diversity (unweighted UniFrac) of the gut microbiota from (E) healthy control individuals (n = 118),
dysbiotic patients with diarrhea (n = 37), and patients with C. difficile infection (n = 95); (F) unweighted UniFrac distance between the dysbiotic gut microbiota of patients
with diarrhea versus the gut microbiota of healthy controls or those with CDI. Plotted median with IQR and SD (Bonferroni-corrected P < 0.0001, t test).
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of individuals with confirmed CDI than to those of healthy controls
(Fig. 1, E and F). The similarity in structure between the CDI-negative
dysbiotic group and the CDI-positive group suggested that CDI-
negative dysbiotic communities may display increased susceptibility
to CDI and that dysbiosis associated with CDI was not a result of
C. difficile-mediated remodeling of the community but rather an
exploitation of a preformed community-associated phenotype.

A dysbiotic gut microbiota is more susceptible to C. difficile
infection than a healthy-like gut microbiota

To evaluate community-specific effects on susceptibility to CDI, we
modeled human gut microbial communities from representative
healthy-like and dysbiotic patients in germ-free mice and chal-
lenged them with C. difficile. Representative microbial communities
from two dysbiotic donors (dysbiotic A and dysbiotic B) and two
healthy-like donors (healthy-like A and healthy-like B) were trans-
planted into germ-free mice (henceforth referred to as dysbiotic and
healthy-like mice, respectively), a method previously shown to re-
capitulate human microbial composition and function (11, 12). The
human stool microbial communities were assessed using 16S rRNA
gene sequencing after 4 weeks of colonization in germ-free mice, as
described previously (12, 21). After colonization, mice clustered
based on human donor (representative of the human state), and

UniFrac distances within dysbiotic and healthy-like mouse groups
were significantly shorter than distances between dysbiotic and healthy-
like mice (P < 0.0001; fig. S2A). Similarity to human donor fecal
microbiota was 86% at the family level (table S4), which is consistent
with previous studies (22). Before C. difficile challenge, there was no
difference in stool consistency (fig. S2B) or colonic transit time in
the transplanted germ-free mice (fig. S2C). In addition, both dysbiotic
and healthy-like mice showed normal colon histology with no evi-
dence of inflammation (table S5) and similar amounts of inflammatory
cytokines before CDI (fig. S2D). All mice were culture negative for
C. difficile before challenge.

Dysbiotic and healthy-like mice were challenged with C. difficile
[~10 colony-forming units (CFU) per mouse] by oral gavage (fig. S2E).
Dysbiotic mice showed significantly higher stool loads of C. difficile
atday 1 (13.9-fold), day 2 (262-fold), and day 6 compared to healthy-
like mice (day 1, P < 0.00005; day 2, P < 0.0005; day 6, P < 0.005). At
this point, dysbiotic mice continued to show high C. difficile
loads, whereas loads were below the limits of detection in healthy-
like mice (P < 0.005; Fig. 2A). Dysbiotic mice also showed softer
stool consistency (P < 0.0001; Fig. 2B), increased stool concentrations
of C. difficile toxin B (Fig. 2C), increased inflammation (P < 0.0005;
Fig. 2D and table S5), and elevated amounts of CDI-associated
cytokines in proximal colon tissue (P < 0.05; Fig. 2E) compared
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Fig. 2. Mice with a dysbiotic gut microbiota exhibit increased susceptibility to C. difficile infection. (A) C. difficile CFUs per milliliter of stool from germ-free mice
colonized with either a healthy-like (n = 11) or dysbiotic (n = 10) gut microbiota from patients with diarrhea are shown. Data points represent individual animals with
lines indicating average and SEM. Assay limit of detection (LOD) indicated by horizontal dotted line at 2 x 10* CFU/ml stool (**P < 0.005, ***P < 0.0005, ****P < 0.00005,
Holm-Sidék test). (B) Stool consistency for germ-free mice transplanted with a healthy-like (n = 11) or dysbiotic (n = 10) gut microbiota, 2 days after C. difficile challenge.
Plotted means and SEM (****P < 0.0001, Mann-Whitney test). (C) C. difficile toxin B concentrations measured by quantitative ELISA in stool from germ-free mice transplanted
with a healthy-like or dysbiotic human gut microbiota, 6 days after C. difficile challenge. Plotted means and SEM; ND, not detected. (D) Average proximal colon inflammation
score in germ-free mice transplanted with a healthy-like (n = 11) or dysbiotic (n = 10) human gut microbiota, after C. difficile challenge. Plotted means and SEM (***P <
0.0005, Mann-Whitney test). (E) IL-22 and IL-23 concentrations measured from full thickness tissue collected from the proximal colon of germ-free mice transplanted
with a dysbiotic (n = 5) or healthy-like (n = 5) human gut microbiota before and 7 days after C. difficile challenge. Plotted means and SEM (*P < 0.05, **P < 0.005,
Mann-Whitney test). (F) B-Diversity and (G) weighted UniFrac distance comparisons for dysbiotic and healthy-like human gut microbial communities after transplant
into germ-free mice before and 2 days after C. difficile challenge [Bonferroni-corrected P = 1 (dysbiotic), Bonferroni-corrected P = 1 (healthy-like), Student’s t test].
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to healthy-like mice. To determine whether the pathogenesis of
C. difficile could be attributed to the underlying gut microbial
community structure, we compared the gut microbial community
composition of dysbiotic and healthy-like mice before and 2 days
after C. difficile challenge using 16S rRNA sequencing. UniFrac dis-
tances within the microbial communities after C. difficile chal-
lenge were not significantly different from the distance between the
microbial communities before and after C. difficile challenge (P = 1;
Fig. 2, F and G, and fig. S2F).

We further validated the CDI susceptibility phenotype observed
in the dysbiotic mice using additional technical and biological replicates.
We transplanted a new group of germ-free mice with the original
dysbiotic and healthy-like fecal samples from A and B donors and chal-
lenged these transplanted mice with a separately prepared C. difficile
inoculum. Similar differences in total bacterial loads, pathology, and
toxin production were observed as with the previous dysbiotic and
healthy-like mouse A and B cohorts (fig. S3, A to C, and table S5).
Further, we assessed the robustness of the phenotype within our
healthy-like and dysbiotic mouse A and B cohorts by modeling
additional human microbial communities in germ-free mice. Germ-
free mice were transplanted with one of eight additional human
fecal samples (cohorts C through F)—four healthy-like and four
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dysbiotic—and were challenged with C. difficile. All groups of dys-
biotic mice showed significantly greater stool softness (P < 0.0005),
toxin production (P < 0.005), and inflammation (P < 0.00005) when
compared with healthy-like communities (fig. S3, D to F). Whereas
the C. difficile loads in healthy-like mice were lower than those in
dysbiotic mice at day 6, the overall C. difficile loads were higher in
cohorts C to F than those in cohorts A and B, reflecting variability
among human donors (P < 0.005; fig. S3G).

A dysbiotic gut microbiota has an altered metabolic state
characterized by an increase in free amino acids

To characterize the dysbiotic microbial community phenotypes that
facilitated susceptibility to CDI, we used transcriptomics and meta-
bolomics to assess community functionality. Whole microbial com-
munity gene expression was assessed using RNA-seq on microbial
mRNA extracted from the stool of dysbiotic and healthy-like mice.
Concurrent metagenomic sequencing was performed on the sam-
ples to normalize gene expression based on composition. Pathway
analysis using HUMANN2 (23) showed differences in pathway gene
expression among community types. Dysbiotic microbial commu-
nities showed significantly decreased expression of multiple genes
related to amino acid uptake and metabolism (P < 0.05; Fig. 3A). To
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Fig. 3. C. difficile exploits increased availability of amino acids in the dysbiotic gut microbiota. (A) A subset of pathway gene expression based on whole gut microbial
community gene expression (RNA-seq) normalized using shallow metagenomic sequencing of stool from germ-free mice transplanted with healthy-like (n = 6) or dysbiotic (n = 6)
human gut microbiota before C. difficile challenge. (B) Amino acid concentrations in stool from mice transplanted with a healthy-like (n = 5) or dysbiotic (n = 8) human gut
microbiota. Plotted averages and SEM (*P < 0.05, **P < 0.005, Mann-Whitney test); ns, not significant; ND, not detected. (C) C. difficile growth kinetics in basal defined medium
(BDM) containing 0, 0.01, or 0.1% deoxycholic acid (DCA) and amino acid concentrations at 100, 50, or 25% those of standard media concentrations. Plotted averages and SEM.
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determine whether the alterations in gene expression for these ami-
no acid-related pathways had commensurate effects on the over-
all gut metabolic milieu, we used targeted NMR to quantify amino
acids in stool collected from dysbiotic and healthy-like mice before
C. difficile challenge. Dysbiotic mice showed significantly increased
concentrations of 12 amino acids compared to healthy-like mice (P <
0.05; Fig. 3B), with proline showing the greatest difference.

Microbial communities in dysbiotic mice also showed reduced
gene expression in biosynthetic pathways producing short-chain fatty
acids (SCFAs) and secondary bile acids. This was subsequently con-
firmed using targeted and untargeted metabolomics (fig. 4, A to E,
and data files S1 and S2). To determine whether the metabolic state
of the dysbiotic mice reflected that of the human donors, we quan-
tified amino acids, SCFAs, and secondary bile acids in stool samples
from the original human donors. Human donor fecal samples showed
the same differences in amino acid, SCFA, and secondary bile acid
concentrations as those observed in the corresponding dysbiotic and
healthy-like mice (fig. S5, A to E). These trends were also seen when
comparing remaining healthy-like and dysbiotic human fecal sam-
ples, which were not used for transplantation experiments (fig. S5,
F to J). Similar alterations in SCFA and secondary bile acid concen-
trations have previously been associated with C. difficile susceptibility
in antibiotic-treated murine models (6, 8, 24).

Clostridium species are among the best-described users of free
amino acids as energy sources (25). Amino acids have been shown
to regulate toxin production in vitro (26-29), and recently, they have
been predicted to support colonization of C. difficile in antibiotic-
treated mice (30). However, the effect of amino acid availability on
C. difficile colonization remains to be elucidated. To examine C. difficile
reliance on amino acid availability, we assessed in vitro growth ki-
netics in a defined medium. When grown in basal defined medium
with decreasing amino acid concentrations, C. difficile showed an
amino acid concentration—-dependent growth defect in permissive con-
centrations of deoxycholate (Fig. 3C), suggesting that amino acid
availability provided a distinct growth advantage under permissive,
low secondary bile acid conditions.

The ability to utilize proline provides a competitive
advantage to C. difficile in dysbiotic mice

To further assess whether amino acids provided a competitive ad-
vantage to C. difficile, we analyzed the role of proline, which was the
most differentially abundant amino acid between the healthy-like
and dysbiotic mice (Fig. 3B). C. difficile is capable of using proline
as a sole energy source via Stickland fermentation (26, 27, 31). In
addition, other strains of C. difficile have been shown to be auxo-
trophic for proline, and this was confirmed for our C. difficile 630
isolate (Fig. 4A). Microbial RN'A-seq gene expression profiles from
dysbiotic and healthy-like mice revealed increased expression of prdA,
one of the essential enzymatic components in Stickland fermenta-
tion, in healthy-like mice before C. difficile challenge (Fig. 4B). After
C. difficile challenge, prdA expression was detected in both healthy-
like and dysbiotic mice (Table 1). However, in healthy-like mice, prdA
expression was attributed to three commensal bacteria—Clostridium
hylemonae, Dorea longicatena, and Lachnospiraceae bacterium
5_1_57FAA—whereas, in dysbiotic mice, prdA expression was ex-
clusively attributed to C. difficile. This suggested that C. difficile was
readily able to scavenge and use free proline in the dysbiotic gut
microbiota. Despite the presence of C. difficile in healthy-like mice
at the time of sampling (day 2), no C. difficile-specific prdA gene
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expression was detected, suggesting that C. difficile was unable to
compete for free proline in healthy-like mice.

To determine the relevance of proline for C. difficile colonization
in vivo, we examined colonization and pathogenesis of a prdB mutant
variant of C. difficile 630 in the dysbiotic and healthy-like mice (27).
PrdB is one of the essential enzymes in the proline Stickland fermen-
tation pathway, and the prdB mutant is unable to use proline as an
energy source (27). After challenge with the C. difficile prdB mutant,
analysis showed reduced colonization and C. difficile toxin B con-
centrations compared to wild-type C. difficile in dysbiotic mice (Fig. 4,
C and D). In addition, the prdB mutant was undetectable in healthy-
like mice at day 1 after challenge, whereas wild-type C. difficileremained
detectable through day 2 after challenge (Fig. 4C).

The attenuation of the prdB C. difficile mutant suggested that
proline availability was an important factor governing colonization
of C. difficile in germ-free mice transplanted with fecal samples from
healthy-like and dysbiotic individuals. To test whether manipulating
proline availability in the gut could restore protection to a susceptible
dysbiotic gut microbiota, germ-free mice were transitioned from stan-
dard chow to custom isocaloric diets with or without proline and then
were transplanted with human dysbiotic fecal samples and challenged
with C. difficile (fig. S6A and table S6). Dysbiotic mice fed a proline-
deficient diet showed a fivefold decrease in C. difficile loads at day 1
after C. difficile challenge (fig. S6B), suggesting that proline avail-
ability alone could affect early expansion of C. difficile. To determine
whether amino acids other than proline played a role in this process,
we performed a similar experiment using a standard [19% (w/v)] or
custom isocaloric diet with reduced [2% (w/v)] protein content
(fig. S6C and table S6). Dysbiotic mice fed the reduced protein diet
showed a 10-fold decrease in C. difficile load at day 1 after challenge
(fig. S6D), suggesting that, whereas proline is an important con-
tributor, the availability of other amino acids may also influence early
expansion of C. difficile in a dysbiotic gut microbial community.

Gut microbiota-targeted therapy for CDI reduces free
proline and decreases CDI susceptibility in dysbiotic mice
The predominant non-antibiotic microbiota-targeted therapy for CDI
is fecal microbiota transplant (FMT). To determine whether FMT
could reduce C. difficile susceptibility in dysbiotic mice, we delivered
a mouse-adapted healthy human-derived FMT gut microbial com-
munity to dysbiotic and healthy-like mice (fig. S7A). 165 rRNA analysis
revealed a significant shift in the gut microbial communities of dys-
biotic mice to resemble the human fecal donor community after FMT
(P <0.0001; Fig. 5, A and B). The gut microbiota of healthy-like mice
was relatively unaltered by FMT (fig. S7B). There was a significant
increase in microbial richness and evenness after FMT in dysbiotic
mice (P < 0.0005; Fig. 5C). FMT-treated dysbiotic mice became re-
sistant to CDI and showed no detectable C. difficile in stool at day 1,
2, or 6 after C. difficile challenge; they showed normal colon histology
at day 7 after challenge (fig. S7, C and D). We examined proline
availability before and after FMT in dysbiotic mice using NMR and
found a significant decrease in free proline after FMT (P < 0.005;
Fig. 5D), supporting a role for proline in the susceptibility of dysbiotic
mice to C. difficile challenge. FMT-treated dysbiotic mice also showed
an increased abundance of SCFAs and secondary bile acids (fig. S7,
E and F) as previously reported, suggesting a normalization of the
overall gut metabolic milieu to a more healthy state. The concentration
of SCFAs and secondary bile acids in healthy-like mice remained
unchanged after FMT (fig. S7, G and H).
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Fig. 4. Proline affects C. difficile colonization in germ-free mice transplanted with a dysbiotic or healthy-like human gut microbiota. (A) C. difficile growth kinetics
indicated optical density (OD) at 600 nm in the presence or absence of proline in basal defined medium without glucose. Plotted means and SEM. (B) D-proline reductase
A (prdA) expression normalized to metagenomic read counts in the healthy-like and dysbiotic gut microbiota of transplanted mice before C. difficile challenge. (C) AprdB
mutant C. difficile CFU/ml stool from germ-free mice transplanted with a dysbiotic (n = 7) or healthy-like (n = 8) human gut microbiota after C. difficile challenge is shown.
Colonization of the transplanted mice with wild-type (WT) C. difficile from Fig. 2A is also shown. Data points represent individual animals with lines indicating average and
SEM. Assay limit of detection (LOD) indicated by a horizontal dotted line at 2 x 10% CFU/ml stool (***P < 0.005, ****P < 0.0005, two-way ANOVA). (D) C. difficile toxin B
concentrations were measured by quantitative ELISA in the stool of mice transplanted with a dysbiotic (n = 7) or a healthy-like (n = 8) human gut microbiota 6 days after
challenge with AprdB mutant C. difficile or wild-type C. difficile (data from Fig. 2C). Plotted means and SEM (***P < 0.0005, Mann-Whitney test).

Table 1. Absolute counts of prdA gene expression in dysbiotic and healthy-like mice at day 2 after C. difficile challenge by taxonomic group.

Dysbiotic Healthy-like
Mouse ID M1 M2 M3 M4 M5 Mé M1 M2 M3 M4 M5 Mé
Clostridium difficile 5314 5100 3798 1823 5774 2764 0 0 0 0 0 0
Clostridium 0 0 0 0 0 0 518 0 0 412 460 0
hylemonae
Dorea longicatena 0 0 0 0 0 0 4678 0 2171 0 0 0
Lachnospiraceae 0 0 0 0 0 0 0 0 1266 0 3425 0
bacterium
5_1_57FAA

Five clinical features can be used to predict individuals with
gut microbiota dysbiosis who might be at risk for CDI

The use of dietary interventions and FMT as prophylactic microbiota-
targeted therapies in at-risk individuals represents a new strategy for
reducing the incidence of CDI. However, implementation of such ther-
apies is conditional on identifying at-risk individuals in the clinical
setting. We examined clinical metadata associated with the healthy-

Battaglioli et al., Sci. Transl. Med. 10, eaam7019 (2018) 24 October 2018

like and dysbiotic patients described in Fig. 1A to identify clinical fea-
tures that may predict gut microbial dysbiosis. Five clinical features
(potential risk factors) predicted dysbiosis in these patients: antibiotic
use within the previous 3 weeks (odds ratio, 95% confidence interval,
Pvalue: OR, 5.21;95% CI, 2.14 to 12.71; P < 0.001), immunosuppres-
sion (OR, 2.87; 95% CI, 1.27 to 6.48; P = 0.012), current hospitalization
(OR, 6.17; 95% CI, 2.22 to 17.15; P < 0.001), recent hospitalization
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Fig. 5. Fecal microbiota transplant from healthy individuals reduces free proline and susceptibility of trans-
planted mice to C. difficile infection. (A) B-Diversity (weighted UniFrac) of mice transplanted with a dysbiotic human
gut microbiota, before and after a fecal microbiota transplant (FMT) from healthy individuals (n = 6). (B) Distances
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transplanted mice before and after FMT (n = 6). Plotted averages and SEM (***P < 0.0005, Student’s t test). (D) Proline
concentrations in stool from mice transplanted with a dysbiotic gut microbiota, before and after FMT (n = 6). Plotted
averages and SEM (**P < 0.005, Mann-Whitney test).
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predictive of gut microbiota dysbiosis. Recent antibiotics (OR, 5.21; 95% Cl, 2.14 to 12.71; P < 0.001), immunosuppression
(OR, 2.87; 95% Cl, 1.27 to 6.48; P = 0.012), current hospitalization (OR, 6.17; 95% Cl, 2.22 to 17.15; P < 0.001), recent
hospitalization (OR, 4.87; 95% Cl, 1.72 to 13.74; P =0.003), and prior C. difficile infection (OR, 9.26; 95% Cl, 2.37 to 36.20;
P =0.001). Area under the curve (AUC), 0.78 (see table S4). (B) ROC curve based on five clinical risk factors that may be
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(OR,4.87;95% CI, 1.72 to 13.74; P=0.003),
and prior CDI (OR, 9.26; 95% CI, 2.37 to
36.20; P=0.001; fig. S8, A to E, and table S7).
Age, sex, and body mass index were not sig-
nificantly associated with dysbiosis (P > 0.05;
table S7). Patients within the dysbiotic group
exhibited a significantly greater number of
potential risk factors compared to healthy-
like individuals [dysbiotic: mean, 1.97 risk
factors per person (SD, 1.19); healthy-like:
mean, 0.64 risk factors per person (SD, 0.93);
P< 1078 Wilcoxon rank-sum test). These
five clinical features were predictors of
dysbiosis based on receiver operating char-
acteristic (ROC) curve analysis [area under
the curve (AUC), 0.78; Fig. 6A].

In our germ-free mouse model, dys-
biosis was associated with increased sus-
ceptibility to CDI. To determine whether
the five clinical features that were pre-
dictive of dysbiosis were also predictive
of CDI in patients with diarrhea, we ex-
amined the electronic medical records
of a retrospective cohort of consecutive
patients with diarrhea between June 2012
and September 2015. All patients under-
went stool testing; for those found to be
negative for CDI, their medical records
(n=17,190) were included in the study.
As a single patient may have had mul-
tiple tests, the first negative test was con-
sidered to be the index visit; hence, the
total number is reflective of unique patients.
We then examined electronic medical
records to assess individual risk factors
in this population including prior history
of C. difficile infection (within 12 months
of the index visit, average time between
prior CDI diagnosis and index visit was
91 days, median was 51 days, and range
was 3 to 359 days), recent hospitalization
(within the previous 4 weeks), current
hospitalization and antibiotic use (within
the previous 3 weeks), and immuno-
suppression, as well as subsequent episodes
of CDI after index visit. The electronic
medical records for 17,190 patients
showed that 493 patients subsequently
developed CDI (average time between in-
dex visit and positive CDI diagnosis was
81 days, median was 46 days, and range was
1 to 364 days; Table 2). Each of the risk
factors was a significant predictor of CDI,
with odds ratios ranging from 2.47 to 5.84,
based on univariable logistic regression
(P < 107% Table 3). Multivariable logistic
regression with ROC curve analysis con-
firmed that the five potential risk factors
combined were also strong predictors
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Table 2. Demographics of patients who developed C. difficile infection
after initially testing negative.

Did not
De\(r:Ifzegc;)CDl developed CDI P value
- (n=16,697)
Sex, n (%)
Male 252 (51) 7391 (44) 0.003
Female 241 (49) 9306 (56)
Age (year)
Mean (SD) 568(177) 571 (186) 0.726
Range 18 95 18 106
BMI
Mean (SD) .
Range 14-79 10-100

of CDI (AUC, 0.71; Fig. 6B). In addition, the odds of developing
CDI were 24 times higher when comparing those without any risk
factors to those with the five potential risk factors (Table 3).

DISCUSSION

Here, we demonstrate that a subset of patients with diarrhea had a
gut microbial community structure that was distinct from that of
healthy controls and was independent of disease etiology. The dys-
biotic gut microbiota of patients with diarrhea was characterized by an
increase in free amino acids, especially proline, and showed increased
susceptibility to C. difficile infection after transplant into germ-free
mice. Resistance to C. difficile colonization, however, was restored
after prophylactic FMT from a healthy donor into mice previously
transplanted with a dysbiotic human gut microbiota from patients
with diarrhea. A C. difficile prdB mutant which cannot use proline
as an energy source showed attenuated growth in germ-free mice
transplanted with either a dysbiotic or a healthy-like human gut mi-
crobiota, indicating that amino acids, such as proline, may be an
important nutritional niche that can be exploited by C. difficile. In
addition, we identified simple clinical metrics that potentially could
be used to identify patients with a dysbiotic gut microbiota and,
consequently, an increased risk of C. difficile infection.

Current rodent models of gut dysbiosis-associated pathogen sus-
ceptibility have used antibiotics to induce gut dysbiosis before
pathogen exposure (24, 32, 33). This type of dysbiosis is homogeneous
and is not reflective of the composition or diversity of human dys-
biotic gut microbial communities, thus limiting the translatability
of these models. In this study, we demonstrate susceptibility to
C. difficile infection using native human gut microbial communities
transplanted into germ-free mice that were not subjected to antibiotic
treatment. The ability to model non-antibiotic factors underlying
human gut microbial dysbiosis is important, given the increase in
non-antibiotic-associated C. difficile infections (34-37). Our approach
can be applied to assess susceptibility to infection of other dysbiosis-
associated enteric pathogens including Escherichia coli, Salmonella
spp.» and Enterococcus spp. (38).

Our results demonstrate that the metabolic milieu generated by gut
microbial dysbiosis creates a complex environment that can regu-
late both colonization and pathogenicity of C. difficile. The lack of

Battaglioli et al., Sci. Transl. Med. 10, eaam7019 (2018) 24 October 2018

Table 3. Risk factors predictive of C. difficile infection.

Risk factor 0dds ratio (95% Cl) Pvalue
Antibiotics 3 35 (2 78—4.03) 6 2 X 107%

Immunosup'n.ressmn o 2 47 2 06—296) S 8 4 X 03
Recent hospltallzatlon o 3 32 (2 72—406) S 1 8 X 10’31 o
Current hospltallzatlon 204 94 (2.40-3 61) 8 4 x <10
Prlor CDI O .5 i 42 7 72).‘,‘,. 1 6 . 10735‘,‘,‘,‘,. .
Anyone nskfactor B 16(0 74 1 83).% 051
Any two ”Skfac“’rs 3 89 (2. 76 5 s48) 7 4 % (105
Any three r|sk factors o .5 00 (3 59 6 96)““” o 1 2 % 10—21 B
Any four rlskfactors o 9 28 (6 67 12 91).% o 5 4 % 00
All five riskfactors 24, 24(12 96-45. 32) T exi0E

change in gut microbial community composition after exposure to
C. difficile in transplanted germ-free mice suggested that the suscep-
tibility phenotype is an underlying characteristic of the microbial com-
munity rather than a C. difficile-mediated event. The nutrient niche
hypothesis (39-42) posits that colonization resistance is maximized
in microbial communities, where commensal microbes efficiently use
all available nutrients. The relative abundance of free amino acids in
a dysbiotic compared to a healthy-like gut microbiota suggests that
suboptimal nutrient utilization may be a consequence of dysbiosis.
Although concentrations of free amino acids varied among individuals
with a dysbiotic gut microbiota, the relative abundance of proline
and the lack of inhibitory secondary bile acids (6, 16-18, 43) created a
unique niche, which C. difficile readily occupied. Furthermore, recent
studies have shown that fecal amino acids positively correlated with
the severity of Crohn’s disease (44). This indicates that increased
amino acid availability may be an important mechanistic effector in
certain gut microbial dysbiosis-related pathologies.

The attenuation of growth of a C. difficile prdB mutant, which
cannot use proline as an energy source, suggests that proline avail-
ability affects the fitness of C. difficile. C. difficile is also a proline
auxotroph (29, 45), and in a proline-restricted environment, C. difficile
fitness is suppressed. This is supported by the accelerated clearance
and reduced load of a C. difficile prdB mutant compared to wild-
type C. difficile observed in mice transplanted with a healthy-like or
dysbiotic gut microbiota. The rapid clearance of the mutant strain
in mice transplanted with a healthy-like gut microbiota supports the
role of proline in C. difficile colonization. The attenuated growth
rather than rapid clearance of the prdB mutant strain in mice with a
dysbiotic gut microbiota may be attributed to the availability of alter-
native amino acids, which were also increased because of dysbiosis.
Whereas our study provides evidence supporting the role of proline
in susceptibility to C. difficile infection, it is likely that proline is not
the sole determinant of C. difficile pathogenesis. The relative roles of
individual and combinations of amino acids elevated in dysbiotic
microbial communities and the effects of proline and other amino
acids on regulating the production of C. difficile toxins and eliciting
host responses will need to be assessed in future studies.

Dietary proline is not essential for humans (46), and protein-
based dietary interventions are partially protective in animal models
of C. difficile infection (47), suggesting that a proline-deficient diet

8of 12

8102 ‘vz 1290100 uo 1sanb Aq /610 Bewasualds wis//:dny woly papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

could be a simple actionable therapy for providing protection to at-
risk individuals. However, several nondietary factors regulate the con-
centration of free amino acids in the colon. Thus, using a combination
of defined microbial communities that could act as amino acid
scavengers or FMT in conjunction with dietary interventions could
be effective for preventing C. difficile infection in at-risk individuals.

Analysis of the clinical metadata associated with the patient co-
hort in the current study revealed five risk factors, readily available
in electronic medical records, that may be predictive of gut micro-
bial dysbiosis. Further, in a retrospective cohort of 17,190 patients
who presented with diarrhea, these five risk factors were associated
with C. difficile infection.

There are several limitations to our study. Our mouse model was
able to capture the biological variability in the gut microbial com-
munities from different individuals. However, individual-specific
mechanisms of these gut microbial communities will still need to be
examined using a combination of multi-omic sequencing, in vitro
techniques, and gnotobiotic mouse models transplanted with a de-
fined consortium of bacterial species. Here, we focused on the model
laboratory strain C. difficile 630; however, there are differences in
colonization and host responses among different C. difficile clinical
isolates. Future studies investigating the effect of proline utilization
by different strains of C. difficile, the effect of proline on toxin pro-
duction by individual isolates, and the effects of different C. difficile
strains on mice carrying a healthy-like or dysbiotic gut microbiota
will further clarify the role of proline in strain-specific outcomes. In
addition, the virome and fungome were not evaluated in this study
but may have a role in influencing C. difficile susceptibility and
should be evaluated in future studies. We identified potential clini-
cal features associated with dysbiosis in our study that were also
associated with a risk of future C. difficile infection. These will need
to be further validated in additional patient cohorts across different
centers. Our findings set the stage for future prospective human
studies aimed at preventing C. difficile infection using dietary and
microbiota-targeted therapies to correct gut microbial dysbiosis as a
strategy to reduce the incidence of C. difficile infection.

MATERIALS AND METHODS

Study design

This study was designed to assess the effects of diarrhea-associated
gut microbiota dysbiosis and underlying mechanisms associated with
it which increased susceptibility to C. difficile infection in transplanted
germ-free mice. This was assessed by (i) identifying individuals with
diarrhea who had a dysbiotic microbial community structure using
16S rRNA sequencing, (ii) assessing the effects of diarrhea-associated
dysbiosis on susceptibility to C. difficile infection in germ-free mice
transplanted with a dysbiotic gut microbiota, (iii) characterizing gut
metabolites that were associated with dysbiosis and susceptibility to
C. difficile infection, (iv) evaluating the ability of C. difficile to use
specific metabolites present in the dysbiotic microbial communities
in vitro and in vivo, and (v) analyzing clinical data to look for associa-
tions of medical features with gut microbial dysbiosis and C. difficile
infection.

Human studies

The Mayo Clinic Institutional Review Board approved all human
studies. Adults (>18 years old) who presented with diarrhea and
tested negative for C. difficile and other common bacterial sources

Battaglioli et al., Sci. Transl. Med. 10, eaam7019 (2018) 24 October 2018

of diarrhea (n = 115; IRB no. 12-007176) and those who tested pos-
itive for C. difficile detected by PCR (n = 95; IRB no. 12-000554)
(48) were voluntarily enrolled. Upon receiving consent from partic-
ipants, frozen stool leftover from clinical testing was obtained and
stored at —80°C until DNA extraction. Participants were recruited at
Mayo Clinic in Rochester, MN. The healthy control group (n = 118)
comprised volunteers who provided stool samples to the Midwest
Reference Range Biobank (IRB no. 13-003694) (20).

Animal studies

Animal experiments were performed with germ-free Swiss Webster
mice born and maintained in the Mayo Clinic Germ-Free Mouse
Facility as described previously (49). C. difficile susceptibility was
assessed using sex-matched, germ-free mice. Sample sizes were chosen
on the basis of similar prior studies (12, 22, 50) and logistical con-
straints within gnotobiotic isolators. Littermates were used when
possible to minimize contamination risks associated with multiple
germ-free transfers; however, formal randomization was not used.
Germ-free animal technicians performed mouse allocation, and in-
vestigators were blinded to selection. C. difficile colonization and
infection were assessed by stool colony-forming units, toxin concen-
tration, and histology. All mouse experiments complied with Insti-
tutional Animal Care and Use Committee guidelines (ILACUC protocol
no. A32015). Two representative dysbiotic or healthy-like human gut
microbial communities were used to assess susceptibility to infection;
an additional four representative communities from each group were
evaluated to assess reproducibility of associated phenotypes.

C. difficile challenge in transplanted germ-free mice
Germ-free mice were transplanted with stool suspensions prepared
from patients in the human “dysbiotic” and “healthy-like” groups.
A total of 59 4-week-old mice were transplanted with dysbiotic A
stool (n = 4), dysbiotic B stool (n = 6), dysbiotic C stool (n = 8),
dysbiotic D stool (n = 5), dysbiotic E stool (n = 4), dysbiotic F stool
(n = 4), healthy-like A stool (n = 5), healthy-like B stool (n = 6),
healthy-like C stool (n = 4), healthy-like D stool (n = 5), healthy-like
E stool (n = 4), or healthy-like F stool (n = 4). Mice transplanted
with the same human samples were cohoused in covered cages sep-
arated by sex. Communities A/B and E/F from each group were co-
housed within isolators, whereas communities C and D were housed
in separate isolators.

Human-derived gut microbial communities were allowed 4 weeks
to adapt to the mouse gut after transplantation. The transplanted
mice then were challenged by oral gavage with ~10” CFU of either
C. difficile strain 630 or a AprdB mutant strain. Fecal pellets were
collected before C. difficile challenge and at days 1, 2, and 6 after
C. difficile challenge for analyses of C. difficile colony counts, 16S
rRNA community analysis, and metabolomics (fig. S2E). Stool con-
sistency was evaluated using the following stool softness scoring sys-
tem: 1 = hard, dry pellets, difficult to transect with a disposable plastic
culture loop; 2 = soft, fully formed pellets, easy to transect with a
culture loop; and 3 = runny, poorly formed pellets, no pressure re-
quired to transect with a culture loop. Whole gut transit time was
assessed using carmine red as described previously (15). Mice were
euthanized on day 7, and proximal colon tissue samples were collected
at necropsy. Colon contents were removed, and the tissue was rinsed
with Krebs solution with mannitol (115 mM NaCl, 2 mM KH,POy,,
2.4 mM MgCl*6H,0, 25 mM NaHCO3;, 8 mM KCl, 1.3 mM CaCl,, and
250 mM mannitol). A 5 mm by 5 mm section of proximal colon tissue
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was stored in 10% formalin for paraffin embedding and hematoxylin
and eosin (H&E) staining.

The ability of dietary intervention to provide protection against
C. difficile challenge was assessed using the germ-free mouse model
(fig. S6, A to C). Germ-free mice were transitioned to one of three
custom diets: a low (2%) protein diet that was nutrient-matched and
isocaloric to standard 5K67 mouse chow (D16062104, Research Diets),
a defined control diet (A16062101, Research Diets), or a defined
control diet that was proline deficient (A16062102, Research Diets;
table S6). After 4 days of the custom diets, mice were transplanted
with dysbiotic mouse stool (originating from dysbiotic A or dysbiotic
B human donors). A total of 15 4-week-old mice (n = 5 per diet)
were transplanted, and 4 weeks later, mice were challenged with
C. difficile. Pellets were collected at days 1, 2, and 6 after C. difficile
challenge for C. difficile colony counts, 16S rRNA community analysis,
and metabolomics. Mice were euthanized on day 7 after C. difficile
challenge, and colon tissue samples were collected at necropsy as
described above.

The ability of prophylactic FMT to confer resistance to C. difficile
challenge was also assessed in the germ-free mouse model (fig. S7A).
Fecal suspensions were generated by suspending frozen mouse pellets
collected 4 weeks after transplantation of mice with dysbiotic A or
dysbiotic B stool from the C. difficile susceptibility experiment. A
total of 12 4-week-old mice received fecal suspensions via oral gavage
from dysbiotic A (n = 3), dysbiotic B (n = 3), healthy-like A (n = 3),
or healthy-like B (n = 3) and were housed, as described above. Four
weeks after colonization, mice were given two FMT 4 days apart.
FMT's were prepared by combining six freshly collected mouse pellets
from mice previously transplanted with stool from a healthy human
donor mixed 1:1 with prereduced 1x PBS. Suspension (300 ul) was ad-
ministered to each mouse via oral gavage. One week after the FMT,
the mice were challenged with C. difficile as described above. Fecal
pellets were collected from the mice before and after FMT and on
days 1, 2, and 6 after C. difficile challenge for C. difficile colony
counts, 16S rRNA community analysis, and metabolomics. Mice
were euthanized on day 7 after C. difficile challenge, and colon tissue
samples were collected at necropsy as described above.

C. difficile colonization and toxin production

One pellet was used to quantify C. difficile stool load at days 1, 2, and
6 after C. difficile challenge. A 1-ul aliquot of each fecal pellet was
measured by filling the opening in a 1-pl sterile inoculation loop and
suspending it in sterile prereduced PBS. The resulting suspension
was serially diluted in duplicate, spotted onto prereduced CDMN
agar medium, and incubated anaerobically at 37°C for 24 hours. Iden-
tifiable C. difficile colonies were counted, and CFU per milliliter of
stool were calculated. The concentration of C. difficile toxin B in stool
was assessed by ELISA (tgcBIOMICS) according to the manufacturer’s
instructions and was normalized to stool mass.

Clinical risk factor analysis

In the first patient cohort of 115 individuals with diarrhea who tested
negative for C. difficile (IRB no. 12-007176), electronic medical re-
cords were examined, and univariable logistic regression (R-3.1.2)
was used to examine potential risk factors for dysbiosis including
demographic features (age, sex, and BMI) and clinical features. Odds
ratios were calculated for each risk factor. Odds ratios for number
of risk factors per patient were also calculated in relation to the
baseline group (0 risk factors). The 0.632+ bootstrap method (51)

Battaglioli et al., Sci. Transl. Med. 10, eaam7019 (2018) 24 October 2018

based on multivariable logistic regression was then used to generate
an ROC curve with the five clinical features predictive of dysbiosis
(antibiotic use within the previous 3 weeks, immunosuppression,
current hospitalization, recent hospitalization within the previous
4 weeks, and prior C. difficile infection).

The same five clinical risk factors were evaluated in a retrospective
cohort of 17,190 patients who presented with diarrhea but all tested
negative for C. difficile. To obtain this cohort, we first examined all
C. difficile test records (n = 39,629) at Mayo Clinic, Rochester, MN
between November 2011 and April 2016 (IRB no. 16-003622). We
then selected all patients who tested negative for C. difficile between
June 2012 and September 2015, providing a 7-month window of
C. difficile test data on either side of our selected date range to evaluate
prior and future C. difficile infection incidence. For patients tested
more than once during the selected date range, the first negative test
was identified as the index visit (n = 17,190 unique patients). As
described above, univariable and multivariable logistic regression was
run on demographic and clinical risk factors to determine whether
these risk factors predicted C. difficile infection (if a patient tested
positive for C. difficile infection multiple times after the index visit,
only the first positive C. difficile test date after the index visit was
recorded). Odds ratios were also calculated as above for risk factors
and number of risk factors in relation to C. difficile infection. For prior
C. difficile infection, only positive C. difficile tests within 12 months
of the index date were included in the analyses. The ROC curve was
based on bootstrapping (500 times) to counter potential overfitting.

Statistical analysis

Analyses for 16S rRNA sequence data were performed in QIIME
1.9.1, R-3.1.2, and SAS 9.3. Partitioning around medoids (PAM)
clustering performed in R-3.1.2 was used to define clusters in human
patient samples. Optimal cluster number was determined by the
gap statistic and confirmed by the ASW (average silhouette width)
statistic based on unweighted UniFrac distances (19, 52). Shannon
diversity indices (assessing microbial abundance and evenness) were
calculated in QIIME and compared using ¢ tests in Microsoft Excel.
Relative abundances of microbial taxa were compared between
groups by Kruskal-Wallis tests. Differences in UniFrac-based
B-diversity metrics were assessed using PERMANOVA. Random forests
(supervised_learning.py) and distance analyses (make_distance_
boxplots.py) were also run in QIIME to classify and determine sim-
ilarities between groups. RNA-seq differential expression analysis
was performed using DESeq2 v. 1.8.2 (53), with a P value cutoff of
P < 0.05, and using LEfSe (54) for pathway significance analysis for
normalized RNA-seq data. Untargeted metabolomics PCoA analyses
were performed by using log, peak fold change, and P values were
calculated with Kruskal-Wallis H tests. Statistical analyses for C. difficile
colonization, toxin concentrations, histological scores, host cytokine
expression, and targeted metabolite concentrations were performed
with GraphPad Prism Software, version 6.0. Data are presented as
means + SEM, and statistical comparisons were assessed using non-
parametric tests. Single-pair analyses were performed by a Mann-
Whitney test, and multivariable comparison by Holm-Sidak and
two-way ANOVA with a P value cutoff of P < 0.05, as indicated in
the figure legends. A univariable logistic regression model was used to
calculate the odds ratio and the significance of individual clinical risk
factors. An ROC curve was constructed using 0.632+ bootstrap method
(51) based on a multivariable logistic regression model. Cluster analysis,
logistic regression, and ROC analysis were performed in R-3.1.2.
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To infect or not to infect?

Our gut harbors a diverse microbial community that efficiently uses nutrients. Battaglioli et al. now report
that a subset of patients with diarrhea show increased availability of gut amino acids due to deleterious changes in
the gut microbiota (dysbiosis). These dysbiotic microbial communities when modeled in germ-free mice exhibited
increased susceptibility to Clostridioides difficile, a pathogen that uses amino acids as a nutrient source.
Prophylactic fecal microbiota transplant from healthy humans to mice with a dysbiotic gut microbiota restored
microbial diversity and protected the mice from C. difficile infection.
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