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ABSTRACT

Ulcerative colitis is a chronic inflammatory disease of the colon that carries a significant disease burden in children.
Therefore, new therapeutic approaches are being explored to help children living with this disease. Fecal microbiota
transplantation (FMT) has been successful in some children with ulcerative colitis. However, the mechanism of its
therapeutic effect in this patient population is not well understood. To characterize changes in gut microbial and
metabolomic profiles after FMT, we performed 16S rRNA gene sequencing, shotgun metagenomic sequencing, virome
analysis and untargeted metabolomics by gas chromatography-time of flight-mass spectrometry on stool samples collected
before and after FMT from four children with ulcerative colitis who responded to this treatment. Alpha diversity of the gut
microbiota increased after intervention, with species richness rising from 251 (S.D. 125) to 358 (S.D. 27). In responders, the
mean relative abundance of bacteria in the class Clostridia shifted toward donor levels, increasing from 33% (S.D. 11%) to
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54% (S.D. 16%). Patient metabolomic and viromic profiles exhibited a similar but less pronounced shift toward donor profiles
after FMT. The fecal concentrations of several metabolites were altered after FMT, correlating with clinical improvement.
Larger studies using a similar multi-omics approach may suggest novel strategies for the treatment of pediatric ulcerative
colitis.

Keywords: microbiome; fecal microbiota transplantation; pediatric ulcerative colitis; inflammatory bowel disease;
metagenomics; metabolomics

INTRODUCTION

Ulcerative colitis (UC) is characterized by chronic inflam-
mation of the colon. It is an important pediatric disease,
since as many as 20%–25% of all cases present during child-
hood (Turner and Griffiths 2011), and the incidence of the
disease is increasing worldwide (Molodecky et al. 2012;
Schildkraut et al. 2013; Olen et al. 2017). Immunomod-
ulator and biologic therapies have resulted in stable
management for some patients, but many children still
develop severe disease, continue to require colectomy, and
develop colon cancer (Turner et al. 2011; Levine et al. 2013; Olen
et al. 2017). Therefore, there is a great need for more effective
and safer therapies.

The enteric microbiota is now accepted as an important fac-
tor in the pathogenesis of inflammatory bowel disease (IBD) (Sar-
tor 2008), with data from multiple studies demonstrating a cor-
relation of microbial community composition with the occur-
rence of IBD (Bakhtiar et al. 2013; Kostic, Xavier and Gevers
2014). The gut microbiota has been suggested as a therapeu-
tic target for IBD, including ulcerative colitis (Shanahan and
Quigley 2014). Fecal microbiota transplantation (FMT) has been
established as a useful tool for manipulating the gut microbiome
and is an effective treatment for recurrent Clostridium difficile
infection (van Nood et al. 2013). FMT therapy has been consid-
ered for ulcerative colitis patients, with the first reported FMT in
the context of UC described in 1989 (Borody, Brandt and Param-
sothy 2014). Since then, FMT for UC has been studied in at least
three randomized placebo-controlled trials in adults and has
shown efficacy in inducing remission (Moayyedi et al. 2015;
Rossen et al. 2015; Paramsothy et al. 2017). Systematic reviews
and meta-analyses have shown that FMT is a safe treatment
option that is effective in some patients (Colman and Rubin
2014; Shi et al. 2016).

While there have been several controlled studies inves-
tigating the efficacy of FMT for adults with UC, relatively
few trials have taken place testing FMT in children with UC.
These small, uncontrolled studies and case reports (Vanden-
plas et al. 2015) have had mixed results: one report found
no benefit of FMT in a trial with four pediatric UC patients
(Suskind et al. 2015), while another study of three patients
showed a significant benefit of FMT (Kellermayer et al. 2015).
To our knowledge, the trial described by Kunde et al. (2013)
is the largest study to date investigating FMT in children
with ulcerative colitis. In this open-label, uncontrolled trial,
six out of nine patients with mild-to-moderate ulcerative
colitis showed clinical improvement four weeks after FMT,
with three patients achieving clinical remission. In order to
understand the microbial and molecular changes associated
with successful FMT in pediatric ulcerative colitis patients, we
utilized a multi-omics approach to characterize the gut micro-
bial and metabolomic profiles from seven patients from the
Kunde et al. study.

MATERIALS AND METHODS

Patient recruitment and fecal transplant

Patients were recruited as described by Kunde et al. (2013).
Briefly, subjects between the ages of 7 and 20 with mild-to-
moderate ulcerative colitis were enrolled between April and
December 2012 in a single-center pilot study conducted at the
outpatient gastroenterology facility at Helen DeVos Children’s
Hospital in Grand Rapids, Michigan. Stool samples were col-
lected from healthy adult donors (selected by each subject from
their family members or close friends) within 6 h prior to FMT.
Stool samples were blended in sterile warm saline, filtered and
stored in a water bath at 37◦C prior to FMT. FMT was delivered as
a retention enema for 1 h (60 mL enema every 15 min) daily for
five days. Clinical disease activity was tracked for each patient
using the pediatric ulcerative colitis activity index (PUCAI) at
enrollment, at the time of FMT, and each week for four weeks
after FMT. Stool samples were analyzed from seven of the nine
patients that completed the Kunde et al. study; samples were not
available from two subjects.

Sample collection

Samples were collected as described by Kunde et al. (2013)
and stored at –80◦C. Briefly, fecal samples were collected from
healthy adult donors for FMT (Donor), pediatric subjects with
ulcerative colitis before FMT (Baseline), and from the same sub-
jects four weeks after fecal transplant (PostFMT). Each patient
underwent FMT with stool from a separate healthy donor,
selected from family members or close friends.

DNA extraction

DNA was extracted from fecal samples using the Qiagen DNeasy
DNA Extraction Kit (Maryland, USA). Frozen raw stool samples
were homogenized in stool stabilization buffer and extracted
under clean room conditions.

16S rRNA gene sequencing

The hypervariable V4 region of the bacterial 16S ribosomal RNA
(rRNA) gene from stool DNA and negative controls was ampli-
fied by PCR using uniquely barcoded primers (515FB: 5′-GTG YCA
GCM GCC GCG GTA A-3′; 806RB: 5′-GGA CTA CNV GGG TWT CTA
AT-3′) (Apprill et al. 2015), which were modified from the origi-
nal 515F-806R primer pairs (Caporaso et al. 2011). Triplicate PCR
reactions were mixed together for final pooling. Library quali-
ties were assessed on Agilent High Sensitivity DNA Bioanalyzer
chips. All samples were pooled and sequenced using custom
sequencing primers: Read 1 (5′-TAT GGT AAT TGT GTG YCA GCM
GCC GCG GTA A-3′), Read 2 (5′-AGT CAG CCA GCC GGA CTA CNV
GGG TWT CTA AT-3′), and Index (5′-AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACG CT-3′). Paired-end sequencing (2 × 150bp) was
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performed using Illumina MiSeq Reagent Kit v2 flowcell on an
Illumina MiSeq System.

16S rRNA gene sequence analysis

The resulting amplicons were prepared for analysis with QIIME
version 1.9.0 (Caporaso et al. 2010). Paired end reads were joined
and the sequences were analyzed using the default parameters
for the open reference operational taxonomic unit (OTU) pick-
ing script in QIIME (pick open reference otus.py)—that is, using
the uclust OTU picking method (Edgar 2010) and the Green-
Genes 13 8 (DeSantis et al. 2006; McDonald et al. 2012) reference
sequence database (97% similarity). The resulting OTU abun-
dance table was filtered to remove OTUs comprising less than
0.01% of the total read count, resulting in 3 913 957 total reads,
with a mean of 186 379 reads per sample (median of 175 773
reads per sample) and a standard deviation of 73 029. Subse-
quently, the OTU table was subsampled to a depth equivalent
to the minimum read count of all samples (86 345), resulting in
a total of 1 813 245 total reads (86 345 per sample).

Shotgun metagenomic sequencing

Barcoded libraries were prepared from stool DNA using the Illu-
mina Nextera XT DNA Library Prep Kit and Illumina Nextera
XT Index v2 Kit A and B following the manufacturer’s proto-
cols. Library qualities were assessed on Agilent High Sensitiv-
ity DNA Bioanalyzer chips. Libraries were pooled and paired-
end sequencing (2 × 150bp) was performed using the Illumina
NextSeq500 High Output v2 flowcell on an Illumina NextSeq500
System. Reads from all samples including controls were pre-
processed and quality filtered using trim galore (https://ww
w.bioinformatics.babraham.ac.uk/projects/trim galore/). Host-
derived reads were removed using KneadData (https://bitbucke
t.org/biobakery/kneaddata/overview).

Shotgun metagenomic sequence analysis

Shotgun metagenomic sequence data were analyzed using the
Taxonomic Profiling tool in the Microbial Genomics Module of
the CLC Genomics Workbench 10.0.1 (CLC Bio/QIAGEN, Aarhus,
Denmark, https://www.qiagenbioinformatics.com/), with the
quality limit (Phred score) set to 0.05. Each read was mapped
against a reference database downloaded from NCBI on June
13th, 2017, consisting of all 5294 prokaryotic complete single
scaffold genomes available in RefSeq at that time. Each mapped
read was assigned to a taxon, resulting in a taxonomic abun-
dance table. Additional methods used for shotgun metagenomic
sequence analysis can be found in the Supplementary Methods
section.

Viromics analysis

To calculate the abundance of known viruses in samples from
the responders, we mapped shotgun metagenomic reads against
8403 virus reference genomes (downloaded from NCBI in June
2017) using BWA-MEM (Li 2013) with the default parameters.
The relative abundance of a virus in a sample was calculated
as the fraction of reads mapped to the virus genome normal-
ized by the genome length. Principal coordinates analysis (PCoA)
was performed using Manhattan distances between the virus
abundance profiles. Additional viromics analysis methods can
be found in the Supplementary Methods section.

Metabolomics

Fecal samples from the four responders were analyzed at the
UC Davis West Coast Metabolomics Center using untargeted
metabolomics by gas chromatography-time of flight-mass spec-
trometry (GC-TOF-MS). A standard plasma extraction protocol
was used, with 1 mL of 3:3:2 acetonitrile:isopropyl alcohol:water
added to 20 μL feces, followed by centrifugation, decanting, des-
iccation and trimethylsilylation for GC-TOF-MS profiling using
Fiehn laboratory standard operating procedures (Kind et al. 2009;
Cajka and Fiehn 2016; Kind et al. 2018). Metabolites were identi-
fied by comparison to the BinBase database (Lai et al. 2018). Sig-
nal intensities were obtained for 494 metabolites including 217
unique structurally identified compounds. All 494 metabolites
were included in subsequent analyses.

Quantification of short chain fatty acids

10 mg feces were used for short chain fatty acid analysis.
Metabolites were extracted with 700 μL of water, hydrochloric
acid and methyl tert-butyl ether (5:1:1). Samples were homog-
enized using Genogrinder at 1500 rpm for 30 s, shaken for
30 min at room temperature and centrifuged for 2 min at 14
000 rcf. 500 μL supernatant was transferred to a new tube
and 0.1 g of anhydrous sodium sulfate was added to the
supernatant for dehydration. 25 μL N-tert-Butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA, Sigma-Aldrich) was used
for tert-butyldimethylsilylation. Samples were then shaken at
80◦C for 30 min and ready for injection. An Agilent 5977A GC-
quadrupole mass spectrometer was used for data acquisition
in selected ion monitoring (SIM) mode. Raw data were pro-
cessed using Agilent Mass Hunter Quantitative Analysis soft-
ware (B.07.00) and data were quantified against authentic stan-
dards.

Data analysis

Data analysis was performed in R version 3.4.1 (R Core Team
2017) using RStudio (version 1.0.147). Alpha diversity analysis of
microbial abundance data was performed using the ‘vegan’ (ver-
sion 2.4.4) R package (Oksanen et al. 2017). Taxonomic composi-
tion plots were made with the ‘phyloseq’ (version 1.20.0) package
(McMurdie and Holmes 2013). Distance matrices for the micro-
bial abundance and metabolomics data were created using the
‘vegdist’ function in vegan. PCoA of distance matrices based on
microbial abundances and metabolite intensities was conducted
using the ‘cmdscale’ function in the ‘stats’ (version 3.4.1) pack-
age (R Core Team 2017). Permutational multivariate analysis of
variance (PERMANOVA) was performed on Bray–Curtis dissim-
ilarity matrices using the ‘pairwiseAdonis’ package (Martinez
Arbizu 2017), which applies the ‘adonis’ function from vegan to
pairwise combinations of sample groups. Bray–Curtis similarity
was calculated by subtracting the Bray-Curtis dissimilarity from
1.

Metabolite intensities were normalized to relative intensities
for each sample using the ‘sweep’ function in R. The microbe-
metabolite correlation heatmap (Fig. 6) was created by calculat-
ing Spearman correlation coefficients for each pairwise combi-
nation of microbial taxa abundances and metabolite intensities
using the ‘corr.test’ function in the ‘psych’ (version 1.7.8) R pack-
age (Revelle 2017).

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://bitbucket.org/biobakery/kneaddata/overview
https://www.qiagenbioinformatics.com/
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Figures

All plots were created in R (version 3.4.1) using RStudio (version
1.0.147). The PCoA plots were created using R ‘base’ graphics.
Heatmaps were created using the ‘pheatmap’ (version 1.0.8) R
package (Kolde 2015). Boxplots and barplots were created using
the ‘ggplot2’ (version 2.2.1) package (Wickham 2009) along with
‘cowplot’ version 0.9.2 (Wilke 2017). The boxplots display the
default statistics for ggplot2 boxplots, where the horizontal line
in each box represents the median. The ‘colourpicker’ (version
1.0) R package (Attali 2017) was used to select colors in the
stacked barplots in Fig. 2.

RESULTS

Microbiome and metabolomic analyses were conducted using
samples from seven children with ulcerative colitis. Fecal sam-
ples were collected before FMT (Baseline) and four weeks after
FMT (PostFMT) as described by Kunde et al. Samples were also
obtained from their respective healthy donors (Donor). Subjects
were classified as responders (n = 4) or non-responders (n = 3)
based on their pediatric ulcerative colitis activity index (PUCAI)
score 4 weeks after FMT (in this cohort the responders had a
PUCAI ≤ 15).

Alpha diversity of the gut microbiome increases after
FMT

Alpha diversity measures were lower in ulcerative colitis
patients at baseline, and increased toward donor levels after
FMT (Fig. 1). Mean species richness (total OTUs observed by
16S rRNA gene sequencing) increased 43% in subjects who
responded to FMT, from 251 (S.D. 125) before FMT to 358 (S.D. 27)
four weeks after treatment (mean species richness in the donor
samples was 384 (S.D. 40)). In non-responders, mean species
richness increased 9%, from 235 (S.D. 35) to 256 (S.D.119), com-
pared to a mean richness of 364 in their donors (S.D. 72). The
Shannon and inverse Simpson indices also increased after FMT.
Metagenomic DNA sequencing of samples from the responders
showed a similar increase in alpha diversity measures after FMT.

FMT alters gut microbiota composition in pediatric
ulcerative colitis patients

Taxonomic profiles generated from 16S rRNA gene sequencing
differ between baseline patient samples and their respective
healthy donors (Fig. 2). Similar profiles were generated using
shotgun metagenomic DNA sequence data. In responders, the
mean relative abundance of bacteria in the class Clostridia
shifted toward donor levels, increasing from 33% (S.D. 11%)
to 54% (S.D. 16%) (Fig. S1, Supporting Information). In non-
responders, the abundance of Clostridia decreased from 52%
(S.D. 38%) to 28% (S.D. 20%) after FMT. The mean relative abun-
dance of the Lachnospiraceae family increased from 11% (S.D.
8%) to 19% (S.D. 6%) after FMT in responders, and fell from 23%
(S.D. 17%) to 9% (S.D. 8%) in non-responders (Fig. S1, Supporting
Information).

Faecalibacterium prausnitzii increased in abundance after FMT,
but the increase was largely driven by a disproportionate
increase in one subject (Responder 1) (Fig. S1, Supporting Infor-
mation). The relative abundance of Bifidobacterium spp. varied
considerably in the responder samples at baseline, ranging from
0% to 25% (mean 11% S.D. 13%). After FMT, Bifidobacterium spp.
abundance stabilized at a mean abundance of 4% (S.D. 2%) in

responders (Fig. S1, Supporting Information). Mean Bifidobac-
terium spp. abundance was less than 0.2% in samples from non-
responders both before and after FMT.

Gut microbial community structure shifts toward donor
profiles after FMT in responders

Ordination by PCoA of taxonomic abundances determined by
16S rRNA gene sequencing shows that post-FMT samples tend
to cluster closer to the donor samples compared to the base-
line samples in responders (Fig. 3A), suggesting that FMT trans-
ferred donor microbial communities to the patients. This pat-
tern is recapitulated by PCoA ordinations based on shotgun
metagenomic sequencing data, including comparisons of taxo-
nomic abundance profiles using Bray–Curtis dissimilarities (Fig.
S2, Supporting Information) and alignment-free metagenomic
sequence comparison using the d2S dissimilarity measure (Fig.
S3A, Supporting Information). PERMANOVA comparisons of the
16S Bray–Curtis dissimilarity matrix between the Donor, Base-
line and PostFMT groups were not statistically significant, poten-
tially due to the small sample size.

Bray–Curtis similarity between subject-donor pairs (based on
16S abundance data) tended to increase after FMT, but decreased
slightly in Responder 3 (Table S1, Supporting Information). Mean
Bray–Curtis similarity to donor profiles increased after FMT in
both the responders (25.6 (S.D. 19.3) before FMT to 44.2 (S.D. 9.9)
after FMT) and non-responders (20.7 (S.D. 1.4) before FMT to 22.1
(S.D. 17.9) after FMT), with higher similarity scores after FMT
in the responders (Fig. S4, Supporting Information). The non-
responder samples do not exhibit the same clustering pattern on
the PCoA ordination of microbial abundance data (Fig. S5, Sup-
porting Information).

Virome profiles shift toward those of the donors in
responders after FMT

Virus abundance profiles were generated from metagenomic
sequencing data from the responders. PCoA ordination based on
Manhattan distances between virus abundance profiles shows
that patient samples shifted toward donor profiles after FMT,
indicating the successful transfer of viruses (Fig. 4A). The rel-
ative abundance in each sample of 30 known virus families is
shown in Fig. 4B.

Metabolomic profiles are altered in responders after
FMT

Untargeted gas chromatography-time of flight-mass spectrom-
etry (GC-TOF-MS) profiling was performed on samples from the
responders before and after FMT. The metabolomic profiles of
subjects before FMT were distinct from the donor profiles, which
cluster together on the PCoA ordination (Fig. 3B). After FMT, the
metabolomic profiles of three of the four subjects (Responders
2, 3 and 4) shifted toward the donor profiles, but still grouped
together as a distinct cluster on the ordination, distinguishable
from both the baseline and donor samples. The metabolomic
profile of Responder 1 moved in the opposite direction, becom-
ing less similar to the donor profile after FMT (Fig. 3B). Bray–
Curtis similarity measures between subjects and their donors
increased for all pairs except Responder 1 (Table S2, Supporting
Information). Mean Bray–Curtis similarity to donor metabolomic
profiles increased from 43.2 (S.D. 5.8) at baseline to 49.4 (S.D. 10.7)
after FMT. PERMANOVA analysis with Bonferroni correction of
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Figure 1. Microbial alpha diversity as estimated by species richness, the Shannon diversity index, and the Inverse Simpson diversity index based on OTU abundance
data from 16S rRNA gene sequencing. All three measures were lower in UC patients before FMT (Baseline), and increased toward donor levels four weeks after FMT

(PostFMT). Alpha diversity tended to be higher in responders compared to non-responders both at baseline and after FMT.

Figure 2. Taxonomic profiles at the class level based on 16S rRNA gene sequencing. In subjects who showed clinical improvement after FMT (responders), composition

of the gut microbiota became more similar to that of their donors four weeks after FMT (PostFMT) compared to baseline, except in Responder 3. In particular, the
abundance of bacteria in the class Clostridia (including the genera Blautia, Dorea, and Faecalibacterium) increased toward donor levels after FMT. Microbiome composition
also shifted somewhat toward donor profiles in Non-Responder 1 and Non-Responder 3 but not in Non-Responder 2. Bray–Curtis similarity to donor profiles was higher
after FMT in responders compared to non-responders.

the Bray-Curtis dissimilarity matrix found no significant differ-
ence between the groups.

A heatmap of selected metabolites shows that the
metabolomic profile of each subject at baseline differs from
that of their respective healthy donor, becoming more similar
after FMT (Fig. 5). Metabolites with higher intensities at baseline
group into a ‘disease-associated’ cluster, and metabolites with
higher intensities after FMT group into a ‘healthy’ cluster. Xan-
thine and oleic acid levels were decreased in baseline samples
relative to donors, and increased after FMT (Fig. S6, Supporting
Information). Putrescine and 5-aminovaleric acid intensities

were higher at baseline compared to four weeks after FMT (Fig.
S6, Supporting Information).

Quantification of short chain fatty acids showed a decrease
in acetic acid and an increase in butyric acid levels after FMT in
the responders (Fig. 7).

Inter-omic correlations suggest associations between
microbial taxa and metabolites

Spearman correlation coefficients were calculated for pairwise
combinations of microbial abundances at the class level (from
16S rRNA gene sequence data) and metabolite intensities in
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Figure 3. PCoA of (A) microbial taxa abundances from 16S rRNA gene sequence data and (B) metabolite intensities from GC-TOF-MS metabolomic profiling before

(Baseline) and four weeks after (PostFMT) fecal transplant in the four responders. The circles, squares, triangles, and diamonds represent Responder 1, Responder 2,
Responder 3, and Responder 4, respectively. Red, blue, and green represent Baseline, Donor, and PostFMT samples, respectively.

Figure 4. (A) PCoA of known virus abundances based on metagenomic sequence data from the four responders. The PCoA is based on Manhattan distances between
the samples. The circles, squares, triangles, and diamonds represent Responder 1, Responder 2, Responder 3, and Responder 4, respectively. Red, blue, and green represent
Baseline, Donor, and PostFMT samples, respectively. (B) Heatmap showing the relative abundances of 30 known virus families in samples from the four responders

and their FMT donors. The numbers under each column in the heatmap indicate the corresponding subject for that column (Responders 1–4).

the four responders. A heatmap including the 30 metabolites
shown in Fig. 5 provides a visualization of clusters of correlated
microbes and metabolites (Fig. 6). Bacteria in the classes Bacilli
and Betaproteobacteria were positively correlated with metabo-
lites from the ‘disease-associated’ cluster such as creatinine and
norvaline. Bacteria from the class Clostridia were positively cor-
related with metabolites from the ‘healthy’ cluster such as xan-
thine and 1-hexadecanol.

DISCUSSION

Because the Kunde et al. pilot study showed efficacy in some but
not all patients, we sought to understand the microbiological
and molecular features underlying successful FMT for pediatric
ulcerative colitis. Interestingly, the non-responders had higher
pediatric ulcerative colitis activity index (PUCAI) scores before
FMT (40, 50, 50), while all of the responders had PUCAI scores
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Figure 5. Heatmap of log2-transformed relative metabolite intensities for 30 selected metabolites illustrating changes in the metabolomic profiles of the four responders

after FMT. Metabolite intensities are higher in patient samples at baseline in the top (disease-associated) cluster, and higher in donor and/or post-FMT samples in the
bottom (healthy) cluster. The numbers under each column in the heatmap indicate the corresponding subject for that column (Responders 1–4).

of 35 or less at baseline (Kunde et al. 2013) (Table S1, Supporting
Information), suggesting that the FMT method used in this study
may be less effective in patients with more severe disease. Mea-
sures of microbial alpha diversity were higher at baseline in the
responders compared to non-responders, and increased in both
groups after FMT (Fig. 1). Species richness was higher and the
Shannon and Inverse Simpson indices were lower in the donors
of responders compared to donors of non-responders, suggest-
ing that donor alpha diversity may not predict whether FMT will
be successful. However, further investigation of donor factors
associated with successful FMT will be important for optimiz-
ing this therapy.

16S rRNA gene sequencing revealed that the baseline gut
microbial communities of ulcerative colitis patients differed
from their respective healthy donors (Fig. 2). However, there was
considerable variability across subjects and donors, reflecting
the heterogeneity of the gut microbiota in both healthy indi-
viduals and ulcerative colitis patients. The decreased levels of
Clostridia in the ulcerative colitis subjects at baseline compared
to donors is consistent with previous reports (Michail et al. 2012).
Colonic inflammation is itself associated with changes in the
microbiota, including reduced diversity. Therefore, it is not pos-
sible to know whether the changes seen in this study are part
of the cause or the result of improvement in colitis. This could
be addressed in future studies by performing a similar analysis
of the microbiome and metabolome in UC patients before and
after receiving treatment with corticosteroids.

The gut microbial profiles of the four patients who responded
to therapy shifted toward those of their healthy donors after FMT
(Figs 2 and 3A), indicating that the procedure successfully led to

engraftment of a microbial community in these patients with
features shared by the donor. In the non-responders, micro-
bial community structure also changed after FMT but not to the
same degree as in responders (Fig. 3A; Fig. S5, Supporting Infor-
mation), suggesting that specific alterations in the gut micro-
biota are important for successful FMT. Interestingly, another
study that reported clinical improvement in three pediatric UC
patients after FMT found that microbial profiles changed after
FMT, but microbial community structure did not shift toward
that of the donor (Kellermayer et al. 2015). However, unlike the
subjects analyzed here, the patients in that study all received
FMT from a singular donor. Interestingly, Bray–Curtis similar-
ity to the donors increased after FMT in two of the three non-
responders, despite their lack of response to treatment (Table
S1, Supporting Information). This suggests that transfer of donor
microbes is not sufficient to induce a clinical response. Response
to FMT may depend on both patient and donor factors that have
yet to be identified; future studies with larger sample sizes may
be able to elucidate these factors and predict the likelihood of
clinical response for a given patient–donor pair.

To further understand changes occurring after FMT, we per-
formed shotgun metagenomic sequencing on samples from the
four responders. Using an alignment-free sequence compari-
son approach with shotgun metagenomes, analyses of d2S dis-
similarity using different k-mer lengths as well as known and
unknown virus abundance analyses recapitulated the pattern
seen with 16S amplicon sequencing, where the post-FMT com-
position became closer to the donor samples compared to base-
line (Fig. 4A; Fig. S3, Supporting Information). The consistency
of three alignment-free approaches shows the feasibility and
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Figure 6. Microbe-metabolite correlation heatmap suggesting associations between bacterial classes and the 30 metabolites shown in Fig. 5. Spearman correlation
coefficients were calculated for pairwise combinations of microbial abundances at the class level (from 16S rRNA gene sequencing data) and metabolite intensities.

power of using either database independent k-mer analysis and
predicted or aligned viral community composition to detect pat-
terns from large metagenomic datasets.

Annotation of contigs assembled from shotgun metage-
nomic sequence data with gene ontology (GO) terms showed
an increase in the presence of microbial genes involved in pro-
cesses including neurotransmitter transport and transcription
factor activity after FMT (Fig. S7, Suporting Information). Simi-
lar functional metagenomic analysis with a larger dataset may
provide insights into the biological functions of the gut micro-
biota in children with ulcerative colitis.

PCoA ordination of GC-TOF-MS metabolite intensities
showed a similar but less striking shift toward donor profiles
after FMT (Fig. 3B). Three of the four responders developed
metabolomic profiles similar to those of their donors after
FMT, while the profile of Responder 1 remained stable, even
after successful transfer of microbes by FMT. Interestingly,

Responder 1 showed less clinical improvement after FMT, with
their PUCAI score decreasing from 30 to 15, compared to the
other three responders, whose scores fell to 0 after FMT (remis-
sion is a PUCAI score < 10). The relatively decreased clinical
response in this patient suggests that sufficient metabolomic
alteration may be required for effective FMT. Because this
subject’s microbiota composition shifted toward that of their
donor, the successful transfer of microbes by FMT is likely not
the only factor affecting the ability of the therapy to alter the
metabolomic profile. Conversely, Responder 3 showed a less
profound change in microbiota composition after FMT but
exhibited a shift toward the metabolomic profile of the donor.
This observation suggests that in addition to modifying the
composition of the gut microbiome, FMT may also substantially
influence its function and metabolism.

The metabolomic analysis showed a separation of metabo-
lites into clusters associated with increased disease activity (the
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Figure 7. Quantification of short chain fatty acids (SCFAs) by GC/MS in the four responders. Levels of butyric acid were lower at baseline and increased toward donor
levels after FMT.

baseline samples) and health (the donor and post-FMT samples)
(Fig. 5). Metabolites including xanthine, oleic acid, putrescine
and 5-aminovaleric acid shifted toward donor levels after inter-
vention (Fig. S6, Supporting Information). 5-aminovaleric acid
is a byproduct of the metabolism of cadaverine, which is pro-
duced by gut bacteria. 5-aminovaleric acid has been associ-
ated with intestinal inflammation in mice (Lin et al. 2010). The
increased levels of this metabolite in ulcerative colitis patients
may be due to preferential growth of cadaverine-producing bac-
teria, or intestinal damage that increases the availability of sub-
strates for the production of cadaverine. Xanthine, which is part
of the purine salvage pathway, increased after FMT. Interest-
ingly, alterations in metabolites in this pathway are associated
with changes in regulatory T cell (T reg cell) function and T
cell immunoregulation. Larger future studies would be helpful
to address whether FMT-associated changes in T cell regulation
contribute to reduced colonic inflammation.

Baseline patient samples showed lower levels of succinic
acid and beta-glutamic acid (Fig. S8, Supporting Information),
consistent with a study showing that ulcerative colitis patients
have lower levels of certain amino acids and TCA cycle-related
molecules in colonic lesion tissues (Ooi et al. 2011). Increased
fecal amino acids have been associated with pediatric Crohn’s
disease, and a recent study showed that the transfer of host
nitrogen to gut microbes via bacterial urease expression is asso-
ciated with gut dysbiosis and inflammation in an animal model
(Ni et al. 2017). Several amino acids were elevated in base-
line samples compared to donors and decreased after FMT,
including norvaline, O-acetylserine and trans-4-hydroxyproline
(Fig. S8, Supporting Information). However, the levels of most

amino acids that were detected varied after FMT. Perhaps unre-
solved host inflammation supports microbial production of
some amino acids, which continues to some extent in patients
after FMT.

Depletion of Faecalibacterium prausnitzii in IBD has been
reported previously (Miquel et al. 2013; Machiels et al. 2014;
Lopez-Siles et al. 2015). Furthermore, animal studies have shown
that F. prausnitzii inhibits IL-17 and suppresses Th17 activity
(Zhang et al. 2014), suggesting an association between this bac-
terium and reduced mucosal inflammation. F. prausnitzii was
present in samples from all four responders after FMT and
increased from baseline levels in 3 out of the 4 (Fig. S1, Support-
ing Information). F. prausnitzii decreased from baseline after FMT
in 2 out of the 3 non-responders. This suggests that FMT is asso-
ciated with the growth of bacteria that contribute to reduced
inflammation. F. prausnitzii and other butyrate-producing bac-
teria have been shown to cross-feed with bifidobacteria to pro-
mote butyrate synthesis in the gut, which is associated with
improved gut health (Riviere et al. 2016). Butyrate is a major fuel
source for colonic epithelium (Roediger 1980), and its oxidation
is impaired in ulcerative colitis patients (Chapman et al. 1994;
Den Hond et al. 1998). Topical butyrate is effective as an adjunct
therapy for UC (Vernia et al. 2003), and butyrate enemas have
been shown to reduce mucosal inflammation in distal UC, indi-
cating a benefit of increased butyrate levels (Scheppach et al.
1992). The anti-inflammatory activity of butyrate in ulcerative
colitis has been associated with inhibition of NF-kB activation
in lamina propria macrophages, reducing cytokine secretion and
inflammation (Luhrs et al. 2002).
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While highly variable at baseline (ranging from 0% to 25%),
Bifidobacterium spp. levels stabilized at a relative abundance of
4% after FMT in the responders (Fig. S1, Supporting Information).
In addition to F. prausnitzii, other butyrate-producing bacteria
also increased in abundance after FMT, including Anaerostipes
and Roseburia (Fig. S1, Supporting Information). Decreased Rose-
buria levels have been reported in ulcerative colitis patients pre-
viously (Machiels et al. 2014). The concomitant increase of these
groups of bacteria in responders suggests that FMT may promote
a cross-feeding interaction with Bifidobacterium spp. to produce
butyrate and improve gut health. A recent study of FMT in 34
adult UC patients found an association of sustained remission
with known butyrate producers and increased butyrate produc-
tion (Fuentes et al. 2017). Similarly, analysis of short chain fatty
acid levels in our samples showed an increase toward donor
levels in butyrate after FMT in responders (Fig. 7), suggesting
that enrichment of butyrate-producing organisms is one possi-
ble mechanism of this therapy in ulcerative colitis.

Using a multi-omic analysis pipeline, we have demonstrated
that microbial, viral and metabolomic changes occur in the gut
of children with ulcerative colitis after FMT. Larger trials utilizing
a similar approach will be required to validate the role of specific
microbes and metabolites in mediating the therapeutic effect of
FMT, and to identify factors predictive of whether a given patient
is likely respond to FMT. Further study of FMT in pediatric ulcer-
ative colitis may allow for the eventual development of targeted
therapies involving alteration of specific components of the gut
microbiota in lieu of FMT itself.

AVAILABILITY OF DATA AND MATERIAL
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scripts used for data analysis are available in the project GitHub
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