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Weingarden AR, Chen C, Bobr A, Yao D, Lu Y, Nelson VM,
Sadowsky MJ, Khoruts A. Microbiota transplantation restores normal
fecal bile acid composition in recurrent Clostridium difficile infection. Am
J Physiol Gastrointest Liver Physiol 306: G310–G319, 2014. First
published November 27, 2013; doi:10.1152/ajpgi.00282.2013.—Fecal
microbiota transplantation (FMT) has emerged as a highly effective
therapy for refractory, recurrent Clostridium difficile infection (CDI),
which develops following antibiotic treatments. Intestinal microbiota
play a critical role in the metabolism of bile acids in the colon, which
in turn have major effects on the lifecycle of C. difficile bacteria. We
hypothesized that fecal bile acid composition is altered in patients
with recurrent CDI and that FMT results in its normalization. General
metabolomics and targeted bile acid analyses were performed on fecal
extracts from patients with recurrent CDI treated with FMT and their
donors. In addition, 16S rRNA gene sequencing was used to deter-
mine the bacterial composition of pre- and post-FMT fecal samples.
Taxonomic bacterial composition of fecal samples from FMT recip-
ients showed rapid change and became similar to the donor after the
procedure. Pre-FMT fecal samples contained high concentrations of
primary bile acids and bile salts, while secondary bile acids were
nearly undetectable. In contrast, post-FMT fecal samples contained
mostly secondary bile acids, as did non-CDI donor samples. There-
fore, our analysis showed that FMT resulted in normalization of fecal
bacterial community structure and metabolic composition. Impor-
tantly, metabolism of bile salts and primary bile acids to secondary
bile acids is disrupted in patients with recurrent CDI, and FMT
corrects this abnormality. Since individual bile salts and bile acids
have pro-germinant and inhibitory activities, the changes suggest that
correction of bile acid metabolism is likely a major mechanism by
which FMT results in a cure and prevents recurrence of CDI.

Clostridium difficile; bile acids; fecal microbiota transplantation

CURRENTLY, Clostridium difficile infection (CDI) is one of the
most common nosocomial infections in the United States,
affecting �500,000 people annually in health care facilities
and many more in the community (1, 7, 23, 26, 32). Unfortu-
nately, antibiotic therapy alone commonly fails to cure this
disease; in fact, the use of antibiotics is the primary risk factor
for CDI, and antibiotic treatment of CDI can perpetuate its
recurrence (3, 23, 32, 42). Approximately 20–30% of patients
experience recurrence of the disease after antibiotic treatment
of the initial infection (22, 27). The risk of recurrence contin-
ues to rise with each relapse, and some patients ultimately
develop a recurrent CDI (R-CDI) syndrome, where the cycle of

infections becomes indefinite (3, 42). Fecal microbiota trans-
plantation (FMT), which restores the normal composition of
fecal bacteria, is a powerful emerging therapy that successfully
treats �90% of patients with R-CDI (3, 13, 46). However, the
mechanisms by which this transplanted microbiota prevents
recurrence of CDI remain poorly understood.

One known function of the normal human gut microbiota
that which may affect C. difficile physiology is the metabolism
of primary bile acids to secondary bile acids in the colon. The
primary bile acids cholic acid and chenodeoxycholic acid are
produced in the liver and conjugated to taurine or glycine to
form bile salts before secretion into bile to assist in lipid
digestion in the small intestine (21). While �95% of secreted
bile salts are reabsorbed from the small intestine via the
enterohepatic circulation pathway, �5% reach the colon,
where, by the actions of intestinal bacteria, they are deconju-
gated and dehydroxylated at C-7 to form deoxycholic and
lithocholic acids from cholic and chenodeoxycholic acids,
respectively (21). Because of the cytotoxic effects of antibiot-
ics on microbiota, including normal gut microflora, it is not
surprising that a variety of antibiotics, including ciprofloxacin,
neomycin, and �-lactams, significantly alter the fecal bile acid
pool in rodents and in vitro human fecal cultures, reducing the
proportion of secondary relative to primary bile acids (5, 12,
18, 45). These findings suggest that antibiotic treatment is
likely to substantially alter intestinal bacteria-mediated fecal
bile acid metabolism in R-CDI patients.

Bile acids substantially affect germination and growth of C.
difficile. The primary bile acid taurocholic acid, the taurine-
conjugated form of cholic acid secreted by the liver, is a potent
germinant of the organism and is even used as a key compo-
nent of C. difficile growth media (39, 47). Recently, a putative
C. difficile bile acid germinant receptor was identified to be a
protease CspC, and a cspC mutant of C. difficile had decreased
pathogenicity in a hamster model (11). Notably, the secondary
bile acids lithocholic and ursodeoxycholic acids have been
shown to inhibit C. difficile germination in vitro (40). Fecal
samples from mice treated with clindamycin, which have a
significantly lower proportion of secondary bile acids than
untreated mice, are better able to stimulate colony formation
from C. difficile spores than are controls, suggesting that
secondary bile acids may also inhibit germination and/or
growth in vivo (12). These studies suggest that secondary bile
acids in feces, which decrease following antibiotic treatment,
may inhibit germination and/or growth of C. difficile in the
colon.

To examine the influence of FMT on the gut microflora-
mediated metabolism in R-CDI patients, we conducted general
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metabolomic and targeted bile acid analyses on fecal extracts
from 12 R-CDI patients before and after treatment with FMT.
Using high-throughput 16S rRNA gene sequencing, we also
analyzed the composition of fecal microbiota in these patients.
Here we demonstrate that restoration of normal bacterial com-
position of fecal microbiota is accompanied by rapid normal-
ization of fecal bile acid composition in these patients. These
results offer a potential mechanism by which FMT treats

R-CDI and suggest novel pathways of therapeutics develop-
ment for this frustrating clinical condition.

EXPERIMENTAL PROCEDURES

Patients and donors. All patients recruited into this study had
R-CDI syndrome and failed to clear the infection, despite multiple
rounds of antibiotic treatments (Table 1). Two standard donors were
used in the preparation of fecal microbiota material, as described

Table 1. Clinical characteristics of the patient cohort

Patient
No. Age, yr Sex

Total No. of CDI
Episodes Prior to FMT

Duration of R-CDI
Prior to FMT, mo Original Trigger Event Trigger Antibiotic

History of Hospitalization
for Severe or

Complicated CDI

1 68 F 6 6 Sinusitis Not documented No
2 66 F 3 3 Spinal surgery Cephalosporin Yes
3 29 F 7 8 C-section Cephalosporin No
4 59 M 4 4 Bronchitis Azithromycin Ciprofloxacin Yes
5 56 F 5 6 Knee surgery Cephalosporin No
6 87 F 8 9 Duodenal ulcer

perforation
Not documented; Multiple

antibiotics
Yes

7 65 F 5 7 Vaginal infection Clindamycin No
8 52 F 8 11 Urinary tract infection Ciprofloxacin No
9 47 F 4 4 Sinusitis Not documented Yes

10 52 F 9 7 Pelvic reconstruction
surgery

Clidamycin No

11 72 M 6 7 Diarrheal illness of
unclear cause

No identified antibiotic trigger Yes

12 83 F 3 5 Urinary sepsis Not documented; Multiple
antibiotics

No

Patient
No.

Metronidazole
Courses

2-Week Vancomycin
Courses

Vancomycin
Taper/Pulse Fidaxomicin

Rifaximin
Chaser

Intercurrent
Antibiotics Immunosuppression

1 2 1 2 1 0 None None
2 1 1 1 0 0 None None
3 2 3 2 0 1 None None
4 1 1 1 1 0 None None
5 1 1 1 1 1 None None
6 2 2 1 1 1 None None
7 2 1 2 0 0 None None
8 2 3 2 2 0 None None
9 1 1 1 0 1 None None

10 1 2 4 1 1 None None
11 2 2 2 0 0 None None
12 1 1 1 0 0 None None

Patient
No. Probiotics Prior to FMT

Medications Potentially
Relevant to Bile Acid

Metabolism
Past GI Surgical

History Findings at Colonoscopy

Type of Fecal
Microbiota
Preparation Donor

Resolution of
CDI With
One FMT

1 Florastor Simvastatin; omeprazole None Normal Frozen 1 Yes
2 None Pantoprazole Partial gastrectomy Severe diverticulosis Frozen 1 Yes
3 None None None Normal Frozen 1 Yes
4 Lactobacillus rhamnosus

(Culturelle)
None None Moderate diverticulosis Fresh 1 Yes

5 None None None Terminal ileum ileitis
(Crohn’s disease)

Frozen 1 Yes

6 Florastor None None Normal Frozen 1 Yes
7 None Simvastatin Appendectomy Normal Fresh 1 Yes
8 None None None Normal Frozen 1 Yes
9 None None Cholecystectomy Lymphocytic colitis Fresh 1 Yes

10 Acidophilus probiotic
blend

None None Mild diverticulosis Frozen 1 Yes

11 None Atorvastatin None Severe diverticulosis Fresh 1 No
12 None Simvastatin; glipizide None Nondiagnostic Inflammation

in lamina propria
Frozen 2 Yes

FMT, fecal microbiota transplantation; C-section, cesarean section; CDI, Clostridium difficile infection; R-CDI, recurrent CDI; severe CDI, albumin �3 and
one of the following: �15,000 white blood cells/mm3, abdominal tenderness, documentation of colitis on CT scan; complicated CDI, one of the following
attributed to CDI: ICD admission, �35,000 white blood cells/mm3, albumin �2.5; hypotension, fever �38.5°C, mental status changes, evidence of end organ
failure, serum lactate �2.2 mmol/l; intercurrent antibiotics, antibiotics used to treat non-CDI after CDI diagnosis.
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previously (16). The Institutional Review Board at the University of
Minnesota approved prospective collection of fecal specimens and
their analysis (Protocol 1303M29781).

FMT procedure. The fecal microbiota were infused via colonos-
copy, as previously described (16). All patients took oral vancomycin
until 2 days prior to the procedure. The patients received a polyethylene
glycol-based colonoscopy preparation (GoLYTELY or MoviPrep) on the
day prior to FMT. Fecal microbiota were prepared from one of two
standard donors, selected as described previously, by successive
filtration to separate the microbial fraction from the rest of the fecal
material (16). Ten patients received preparations, which were frozen
in 10% (vol/vol) glycerol and stored at �80°C until used, as previ-
ously described (16), while six patients received freshly processed
(nonfrozen) material. Recovery from CDI was defined by resolution
of clinical diarrhea (�3 bowel movements per day and normalization
of stool consistency) over 2 mo. All patients continue to be followed
clinically since their FMT.

Sample collection. Fecal samples were collected by patients prior to
FMT and at 7–22 days following FMT. All patients were taking
vancomycin when pre-FMT samples were collected. Samples were
stored at �80°C within 24 h of collection until DNA extraction. An
unprocessed portion of each donor sample was also collected at the
time of donation and stored immediately at �80°C.

DNA extraction. DNA was extracted from each patient and donor
sample (0.25–0.50 g) using the PowerSoil DNA Isolation Kit (MO
BIO, Carlsbad, CA) according to the manufacturer’s instructions.
Samples with high water content (Bristol stool scale types 5–7) were
centrifuged at 12,000 rpm for 3 min to pellet solids, which were used
for DNA extraction. Each sample was extracted in triplicate, and each
replicate was eluted in 50 �l of 10 mM Tris·HCl buffer (pH 8.0) and
pooled. DNA concentrations of extracted samples were measured with
a QuBit DNA quantification system (Invitrogen, Carlsbad, CA) using
QuBit high-sensitivity assay reagents. All extracted DNA samples
were stored at �20°C until amplification.

PCR amplification. Fecal DNA samples (25 ng) were used as
template for PCR amplification of the V6 region of the 16S rRNA
gene. Degenerate primer sets (Table 2) were designed with 6-bp
Illumina index sequences on the 5= end of the reverse primer, which
were specific to each fecal DNA sample and allowed for multiplexed
sequencing. Primers also contained Illumina PCR primer sequences
(reverse primer) and Illumina TruSeq Universal Adapter sequences
(forward primers) for library creation. Triplicate reactions were elec-
trophoresed on a 2% agarose gel and then extracted using the
QIAquick gel extraction kit (Qiagen, Valencia, CA), eluted in 30 �l
of 10 mM Tris·Cl buffer, pH 8.0, and pooled. DNA concentrations
were measured using the QuBit DNA quantification system and
high-sensitivity assay reagents. Samples were stored at �20°C until
pooled for sequencing.

DNA sequencing. Up to 24-equimolar aliquots of each product
were pooled to give 3 samples of �1 �g of DNA in 100 �l of total
volume. DNA concentration in the final pooled solutions was mea-
sured using the Quant-IT PicoGreen quantitation system (Invitrogen).
Amplicon size was analyzed using an Agilent DNA 1000 chip and

2100 BioAnalyzer (Agilent, Santa Clara, CA). Sequencing was per-
formed at the University of Minnesota BioMedical Genomics Center.
Paired-end sequences were generated on the Illumina MiSeq personal
sequencer (2 � 150 nt read length). Reads in each pair for each
sequencing run overlapped, and paired ends were merged. The ham-
ming distance (number of substitutions) was calculated for sliding
overlaps of the two reads in a pair to find the best overlap (lowest
hamming distance with �25-nt overlap and 98% identity). Merged
sequences were binned according to barcode sequence, and barcode
and amplicon primer sequences were trimmed using custom Perl
scripts.

Sequence processing and analysis. Sequence data were processed
and analyzed using the MOTHUR program (36). To ensure high-
quality data for analysis, sequence reads containing ambiguous bases,
�7-bp homopolymers, �1 mismatch in the primer sequence, or an
average per base quality score �35 within each 50-bp window were
removed. Sequences that only appeared once in the total set were
assumed to be a result of sequencing error and were removed from the
analysis. Chimeric sequences were removed from the data set using
the UCHIME algorithm within the MOTHUR program (10). A ran-
dom subset of 22,353 sequences per sample was used to balance read
numbers and clustered into operational taxonomic units (OTUs).
Taxonomy was assigned at a cutoff of �90% (17) using a 16S rRNA
database prepared from Ribosomal Database Project 9, using the
Bayesian method with a bootstrap algorithm (100 iterations) and a
probability cutoff of 0.60 (8). Samples were clustered using the Fast
UniFrac algorithm to generate trees and principal coordinate analysis
(PCoA) plots (14). The UniFrac algorithm was run using the Fast
UniFrac program available at www.bmf2.colorado.edu/fastunifrac/.

Reagents. All solvents and chemicals were purchased from Sigma-
Aldrich (St. Louis, MO), unless stated otherwise. Liquid chromatog-
raphy (LC)-mass spectrometry (MS)-grade acetonitrile was purchased
from Fisher Scientific (Pittsburgh, PA); cholic acid, cholesterol, and
diethyl phosphorocyanidate from Alfa Aesar (Ward Hill, MA); and
isodeoxycholic acid from Steraloids (Newport, RI).

LC-MS analysis of fecal extracts. Fecal samples were suspended in
1 ml of 50% acetonitrile (wt/vol) and extracted by vortexing and
sonication for 10 min. The suspension was centrifuged twice at 18,000
g for 10 min, and after passage of the supernatant through a 2-�m
filter, the filtrate was transferred to a sample vial and subjected to
LC-MS analysis. A 5-�l aliquot of fecal extract was injected into an
Acquity ultraperformance LC system (Waters, Milford, MA) and
separated by a mobile phase gradient ranging from H2O to 95%
aqueous acetonitrile containing 0.1% formic acid over a 10-min run.
The LC eluant was introduced into a SYNAPT QTOF mass spectrom-
eter (Waters) for accurate mass measurement and ion counting.
Capillary and cone voltage for electrospray ionization were main-
tained at �3 kV and �35 V, respectively, for negative-mode detec-
tion. Source temperature and desolvation temperature were 120°C and
350°C, respectively. Nitrogen was used as a cone gas (50 l/h) and
desolvation gas (600 l/h) and argon as the collision gas. For accurate
mass measurement, the mass spectrometer was calibrated with sodium
formate solution [mass-to-charge ratio (m/z) 	 50–1,000] and mon-
itored by the intermittent injection of the lock mass leucine enkephalin
([M-H]� 	 554.2615 m/z) in real time. Mass chromatograms and
mass spectral data were acquired and processed by MassLynx soft-
ware (Waters) in centroided format. Additional structural information
was obtained via tandem MS (MS/MS) fragmentation, with collision
energies ranging from 15 to 30 electron volts. The concentration of
bile acids in fecal samples was determined on the basis of the peak
areas of individual bile acids and external standards.

Chemometric analysis and biomarker identification. Chromato-
graphic and mass spectral data of fecal samples were deconvoluted
using MarkerLynx software (Waters). Each detected ion was repre-
sented by its retention time in the LC system and its m/z. A multi-
variate data matrix comprising sample identity, ion identity (retention
time and m/z), and relative ion abundance was generated through

Table 2. Primers for V6 16S PCR

Sequence (5=—3=)

Forward primer 1 [*]NCNACGCGAAGAACCTTANC
Forward primer 2 [*]NNCAACGCGAAAAACCTTACC
Forward primer 3 [*]NNNCAACGCGCAGAACCTTACC
Forward primer 4 [*]NNNNATACGCGARGAACCTTACC
Forward primer 5 [*]NNNNNCTAACCGANGAACCTYACC
Reverse primer [†][6-bp index sequence][‡][4–7 N]

CGACRRCCATGCANCACCT

*Illumina TruSeq Universal Adapter sequence; †Illumina PCR primer;
‡Illumina multiplexing PCR primer 2.0.
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centroiding, deisotoping, filtering, peak recognition, and integration
and further exported into SIMCA-P
 software (Umetrics, Kinnelon,
NJ) (6). Unsupervised principal component analysis and supervised
orthogonal partial least squares analysis were used to analyze data
from fecal extracts. Major latent variables in the data matrix were
described in a scores scatter plot of the established multivariate
model. Fecal metabolites affected by FMT were identified by
analysis of ions contributing to the separation of pre- and post-
FMT samples in the multivariate models (4, 6). The chemical
identities of metabolites of interest were determined by accurate
mass measurement, elemental composition analysis, database
search [Lipid Maps (http://www.lipidmaps.org/), Human Metabo-
lome Database (http://www.hmdb.ca/), MS/MS fragmentation, and
comparisons with authentic standards].

Statistics. Experimental values for fecal metabolites are expressed
as means � SD. Statistical analysis was performed using ANOVA
followed by Tukey’s honestly significant difference test on significant
groups at � 	 0.05. P � 0.05 was considered statistically significant.

RESULTS

Complete patient recovery following one or two FMT
procedures. Eleven of the 12 patients (91.6%) treated with
FMT and analyzed in this study achieved clinical recovery with
no recurrence of CDI following a single FMT over a �1-yr
period of follow-up. Interestingly, while the patients were
maintained on vancomycin prior to FMT, they continued to
experience mild diarrheal symptoms (4.1 � 1.3 stools per day,
median type 5 on the Bristol stool scale). After the FMT
procedure, the frequency of stools decreased (2.0 � 1.4 stools
per day, median type 4 on the Bristol stool scale). After a
second FMT, the single patient with an initial recurrence of the
disease also recovered. He was documented to be C. difficile
toxin B-negative and remained free of diarrhea for 6 mo, at
which point he experienced a relapse of CDI. This relapse was

Fig. 1. Changes in fecal bacterial communities following fecal microbiota transplantation (FMT). A: Shannon diversity indexes of fecal samples. *P � 0.05.
B: principal coordinate analysis of UniFrac distances between bacterial communities. PC1, principal coordinate 1; PC2, principal coordinate 2. C: relative
abundance of operational taxonomic units (OTUs) from bacterial phyla in fecal samples. Colors correspond to phyla (see key at bottom). D: relative abundance
of OTUs from bacterial families in fecal samples. Colors correspond to families (see key at right). †Patient who failed initial FMT.
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associated with a course of laxatives taken for constipation
associated with his Parkinson’s disease. The infection was
successfully treated with a single 10-day course of fidaxomi-
cin. Two patients were incidentally discovered to have under-
lying inflammatory bowel disease at the time of their FMT: one
had Crohn’s terminal ileitis and the second had lymphocytic
colitis (Table 1). Neither patient required additional pharma-
cological therapy.

Composition of fecal communities dramatically changes
following FMT. The composition of fecal microbiota in 12
patients before and after FMT, as well as each donor sample,
was examined by sequencing the V6 region of the 16S rRNA
gene. A total of 13,873,260 sequences were generated, and
8,175,859 sequences remained after quality filtering, removal
of chimeras, and preclustering. Sequences were subsampled to
22,535 to obtain the same number of reads for each sample,
clustered into OTUs at 90% sequence identity as used previ-
ously (17), and classified using the Ribosomal Database Proj-
ect (8).

As we previously showed for a small set of patients (17),
fecal bacterial communities changed dramatically following
FMT. Initially, � diversity (i.e., diversity within each sample)
was examined using the Shannon diversity index, which indi-
cated that donor and post-FMT samples were significantly
more diverse than pre-FMT samples (Fig. 1A). To examine �
diversity (i.e., diversity between samples), PCoA was per-
formed on the basis of UniFrac distances (Fig. 1B). The PCoA
demonstrated that while donor and post-FMT samples clus-
tered together along principal coordinate 1, pre-FMT sample
communities were distinct.

These shifts in diversity following FMT were related to
changes in the relative abundance of the bacterial phyla Bac-
teroidetes, Firmicutes, and Proteobacteria (Fig. 1C). Donor
samples, representative of a healthy fecal microbiome (2, 48),
were dominated by Bacteroidetes and Firmicutes (together
accounting for �80–90% of OTUs in each sample), with a
very low abundance of Proteobacteria (�2% or fewer OTUs
per sample). In contrast, patient samples prior to FMT tended
to be dominated by the Proteobacteria, comprising �30% of
OTUs in 13 of 14 samples (92.8%) and �50% of OTUs in 7
samples. After FMT, microbiota in patient samples more
closely resembled the donors’ composition, with increased
abundance of Firmicutes and Bacteroidetes and decreased
abundance of Proteobacteria. Overall, the number of Actino-
bacteria, Bacteroidetes, Firmicutes, and unclassified bacterial
OTUs significantly increased following FMT (P 	 0.044, P 	

0.0015, P 	 0.0016, and P � 0.0001, respectively), while the
number of Proteobacteria and Verrucomicrobia significantly
decreased (P � 0.0001 and P 	 0.035, respectively; Table 3).

Dramatic differences in community composition were also
seen at the family level (Fig. 1D). Together, the bacterial
families Lachnospiraceae, Bacteroidaceae, and Ruminococ-
caceae comprised �50% of the OTUs in each donor sample. In
contrast, these families were found in much lower abundance
in the majority of pre-FMT patient samples, with Lachno-
spiraceae at �2% abundance in 11 of 14 samples (78.6%),
Bacteroidaceae at �1% abundance in each sample, and Rumi-
nococcaceae at �1% abundance in 13 of 14 samples (92.8%).
Instead, Enterobacteriaceae, Veillonellaceae, and Verrucomi-
crobiaceae, minor constituents of donor communities, together
represented �50% of OTUs in 13 of 14 pre-FMT samples
(92.8%). After FMT, these patterns reversed in most patient
samples, with increased Lachnospiraceae, Bacteroidaceae, and
Ruminococcaceae and decreased Enterobacteriaceae, Veillo-
nellaceae, and Verrucomicrobiaceae. Bacterial families with
significantly altered OTU abundance after FMT compared with
pre-FMT samples are shown in Table 4.

Changes in fecal bile acid composition following FMT. To
explore changes in fecal bile acid composition induced by
FMT, fecal samples collected from 12 CDI patients before and
after the FMT procedure and 6 fecal samples from 2 donors
were analyzed via LC-MS together. Microbial composition in
these patient and 4 donor samples (1 from donor 1 and 3 from
donor 2) was analyzed as described above (Fig. 1). The profile
of primary and secondary bile acids in fecal extracts was
defined by examination of the extracted ion chromatograms of
deprotonated bile acids in the pre- and post-FMT samples. The
results showed that FMT induced dramatic changes in fecal
bile acid composition (Fig. 2A). Two primary bile acids, cholic
acid (I) and chenodoxycholic acid (II), were present in signif-
icant amounts in most pre-FMT samples but were absent or
existed in low abundance in most post-FMT and donor samples
(Fig. 2, B and C). In contrast, three secondary bile acids,
lithocholic acid (III), deoxycholic acid (IV), and isodeoxy-
cholic acid (V), were present in the post-FMT and donor
samples but were absent in the pre-FMT samples (Fig. 2, D–F).

Metabolomic analysis of FMT-induced metabolic changes in
the fecal extracts of R-CDI patients. To examine overall
metabolic changes following FMT, the same fecal samples
analyzed for bile acid composition were also analyzed via

Table 3. Abundance of major bacterial phyla in patient and
donor samples

Average No. of OTUs
(of 22,535 total)

Phylum Donor Pre-FMT Post-FMT P (pre- vs. post-FMT)

Actinobacteria 275 24 219 0.044
Bacteroidetes 8,316 36 4,402 0.0015
Firmicutes 10,223 5,412 12,443 0.0016
Fusobacteria 0 480 2 0.177
Proteobacteria 207 12,689 1,234 �0.0001
Verrucomicrobia 189 3,469 449 0.035
Bacteria-unclassified 3,302 424 3,785 �0.0001

OTUs, operational taxonomic units.

Table 4. Significantly changed bacterial families in patient
and donor samples

Average No. of OTUs
(of 22,535 total)

Family Donor Pre-FMT Post-FMT P (pre- vs. post-FMT)

Bacteroidaceae 6,451 25 4,348 0.0009
Coriobacteriaceae 150 12 150 0.034
Enterobacteriaceae 13 11,572 1,083 �0.0001
Lachnospiraceae 4,002 286 4,737 �0.0001
Lactobacillaceae 2 255 12 0.0019
Rikenellaceae 388 2 455 0.0014
Ruminococcaceae 1,749 112 3,797 0.0002
Veillonellaceae 117 1261 81 0.0006
Verrucomicrobiaceae 189 3469 449 0.035
Bacteroidetes-unclassified 2,185 501 1,809 0.0064
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LC-MS-based metabolomics. Unsupervised principal compo-
nents analysis of chromatographic and mass spectral data
acquired from LC-MS analysis revealed a clear separation of
pre-FMT samples from the donor and post-FMT samples in a
multivariate model (Fig. 3A). These findings suggest that FMT
transformed the fecal metabolome of CDI patients to that
consistent with the donors. The fecal metabolites, which dif-
fered among pre-FMT, post-FMT, and donor samples, were
revealed in an S plot of the supervised orthogonal partial least
squares model (Fig. 3B, Table 5). Besides confirmation of the
primary and secondary bile acids (I–V) as the fecal metabolites
that distinguish pre- and post-FMT samples, bile salts, includ-
ing taurine conjugates (VI and VII; Fig. 3, C and D) and
glycine conjugates of cholic acid and chenodeoxycholic acid
(VIII and IX; data not shown), were identified as major
contributors to sample separation in the multivariate models.
The presence of a significant amount of bile salts in many
pre-FMT samples suggested their incomplete hydrolysis in
these patients.

DISCUSSION

The appearance of hypervirulent strains of CDI has led to an
increased incidence of recurrent and severe forms of the
disease refractory to antibiotic therapies alone (19, 31, 42).
FMT has emerged as a solution to this unmet clinical need, and
its use is becoming increasingly widespread in clinical practice
(3, 42, 43). However, the mechanisms behind the success of
this therapy remain largely unknown. Previous work by our
group and others has demonstrated dramatic changes in the
fecal microbiota of patients undergoing FMT, with fecal mi-
crobial communities becoming more similar to that of the

donor, including an increased abundance of Bacteroidetes and
Firmicutes, a decreased abundance of Proteobacteria, and an
increase in overall microbial diversity (17, 24, 37, 46). The
results presented in this study indicate that these microbiome
changes also hold true for a larger sample size of patients.
Consistent with the previous reports, FMT resulted in an
increase in OTUs corresponding to Bacteroidetes and Firmic-
utes and a decrease in the abundance of Proteobacteria. The
PCoA analysis also indicated that these changes represent
shifts in the fecal bacterial community toward the composition
of the donor and a shift from a highly altered community
dominated by Proteobacteria toward the community typically
found in healthy individuals (2, 48). The dramatic dysbiosis
documented in the pre-FMT samples is likely induced and
perpetuated by continuous use of an antibiotic, mainly vanco-
mycin, that the patients were taking at the time of collection.

Because gut microbiota in the colon have multiple metabolic
functions, targeted metabolite profiling and untargeted metabo-
lomics were adopted to examine the metabolic events induced
by FMT. The results showed that after FMT the overall
metabolic composition of samples shifted to one similar to that
of the donors, mimicking our findings for taxonomic microbial
composition. The bile acids and primary bile salts were by far
the dominant metabolites contributing to the separation of
pre-FMT samples from post-FMT and donor samples revealed
by the multivariate model on the fecal metabolomes, suggest-
ing that the changes in bile acid composition account for much
of the overall change in the fecal metabolome in R-CDI
patients treated with FMT. Strikingly, secondary bile acids
were simply not detectable in any of the pre-FMT fecal
samples. Because of the well-known functions of gut microbi-

Fig. 2. Bile acid concentrations before and after FMT. A: overlay of representative chromatograms of bile acid metabolites in pre- and post-FMT fecal extracts.
Chromatograms were generated by extraction of mass spectrometry signals within 20 ppm of calculated exact masses (407.2797, 391.2848, and 375.2899
mass-to-charge ratio in negative mode) of primary and secondary bile acids of sterol metabolites [cholic acid (CA, I), chenodeoxycholic acid (CDCA, II),
deoxycholic acid (DCA, III), lithocholic acid (LCA, IV), and IsoDCA (V)]. Signal intensity of deoxycholic acid (III) in the post-FMT sample was arbitrarily
set as 100%. B–F: concentration of bile acids (I–V) in pre-FMT, post-FMT, and donor samples.

G315BILE ACIDS IN FECAL MICROBIOTA TRANSPLANTATION

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00282.2013 • www.ajpgi.org



ota in the hydrolysis of bile salts (taurine and glycine conju-
gates) to bile acids and the biotransformation of primary bile
acids to secondary bile acids in the colon (20, 21, 28, 41, 44),
this observation suggests that pre-FMT patients in this study
were deficient in microbiota that are capable of metabolizing
secondary bile salts and bile acids, possibly due to the deple-

tion or decrease of bile acid-metabolizing microbiota after
extensive antibiotic treatment (5, 18, 45). Therefore, FMT
likely rehabilitated bile acid-metabolizing microbiota in these
same patients. It is even plausible that normalization of bile
acid metabolism contributed to resolution of mild diarrheal
symptoms experienced by patients while they were maintained
on vancomycin prior to FMT. Indeed, increased content of
primary bile acids in stool is correlated with diarrheal symp-
toms, while increased content of secondary bile acids corre-
lates with constipation (38).

Increased concentrations of primary bile acids and their
conjugates in R-CDI patients are consistent with relentless
relapses of the infection each time suppressive antibiotics are
discontinued. Taurocholic acid, which existed in high abun-
dance in many pre-FMT samples, is a potent germinant for C.
difficile, transforming inert spores to toxin-producing, free-
living vegetative cells (39). In fact, taurocholic acid has been
used for decades as a key component of laboratory medium
used to germinate C. difficile spores (47). In contrast, litho-
cholic acid and other secondary bile acids, which were defi-
cient in pre-FMT samples but abundant in post-FMT and donor
samples, inhibit C. difficile germination and colony growth (12,
40). These findings suggest that changes in fecal bile acid

Fig. 3. Identification and characterization of FMT-responsive sterol metabolites in fecal extracts of Clostridium difficile infection (CDI) patients. A: scores plot
of a principal components analysis model on pre-FMT (Œ), post-FMT (o), and donor (�) samples. The t[1] and t[2] values represent scores of each sample in
principal components 1 and 2, respectively. B: loadings plot of principal components analysis model. Sterol metabolites contributing to separation of pre- and
post-FMT samples (I–IX) were labeled, and their chemical identities are listed in Table 3. C and D: relative abundances of taurine conjugates of primary bile
acids [taurocholic acid (TCA, VI) and taurochenodeoxycholic acid (TCDCA, VII)] in pre-FMT, post-FMT, and donor samples. NS, not significant. *P � 0.05.

Table 5. Fecal metabolite markers of FMT

ID [M-H]� Formula Identity
Effect of

FMT

I 407.2798 C24H40O5 Cholic acid 2
II 391.2848 C24H40O4 Chenodeoxycholic acid 2
III 391.2848 C24H40O4 Deoxycholic acid 1
IV 375.2899 C24H40O3 Lithocholic acid 1
V 391.2848 C24H40O4 Isodeoxycholic acid 1
VI 514.2839 C26H45NO7S4 Taurocholic acid 2
VII 498.2889 C26H45NO6S Taurochenodeoxycholic acid 2
VIII 464.2817 C26H43NO6 Glycocholic acid 2
IX 448.3063 C26H43NO5 Glycochenodeoxycholic acid 2

Major primary and secondary bile acids and conjugates of primary bile acids
(I–IX) were identified as metabolite markers contributing to separation of
pre-FMT samples from post-FMT and donor samples in metabolomic analysis.
[M-H]�, mass-to-charge ratio of deprotonated metabolite; 1, increased after
FMT; 2, decreased after FMT.
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composition in FMT patients following the procedure may
generate an environment unsuitable for C. difficile germination
or growth. Prompt restoration of normal fecal bile acid com-
position following FMT fits this hypothesis, as clinical recur-
rence of CDI would otherwise peak during the 2nd and 3rd wk
after discontinuation of antibiotics.

The changes in fecal bile acid composition of FMT patients
may be directly related to changes in fecal bacterial composi-
tion. Many of the bacteria known to have 7�-dehydroxylation
activity, which transforms primary bile acids to secondary bile
acids, are members of the Lachnospiraceae and Ruminococ-
caceae families (i.e., Clostridium clusters XIVa and IV), in-
cluding the best-studied of these species, Clostridium scindens
(9, 20, 25, 35, 41, 44). By increasing the relative abundance of
members of these bacterial families, it is possible that FMT
increases 7�-dehydroxylation activity, leading to increased
secondary bile acids and decreased primary bile acids. This
may directly inhibit germination and, thus, toxin production by
C. difficile.

In conclusion, our results support a mechanistic model
where FMT prevents recurrence of CDI by restoring normal
bile acid composition in the colon (Fig. 4). In this model,
antibiotics used to treat CDI also inhibit normal members of
the microbiota that hydrolyze bile salts to bile acids and then
convert primary bile acids to secondary bile acids. The lack
of bile acid metabolism in antibiotic-treated R-CDI patients
generates a local environment that promotes germination of
C. difficile spores and growth of new vegetative bacteria that
actively produce toxins once antibiotic treatment is com-
pleted. Restoration of normal colonic microbial ecology by
FMT restores bile acid metabolism and normal bile acid
composition in the colon, producing an unfavorable envi-
ronment for C. difficile spore germination and allowing
clinical recovery of R-CDI patients. Therefore, microbio-

logical or pharmacological strategies to manipulate the
intestinal bile acid composition may become effective ap-
proaches for the treatment of R-CDI.
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