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Abstract

Background: Fecal microbiota transplantation (FMT) has been recently approved by FDA for the treatment of

refractory recurrent clostridial colitis (rCDI). Success of FTM in treatment of rCDI led to a number of studies investigating
the effectiveness of its application in the other gastrointestinal diseases. However, in the majority of studies the effects
of FMT were evaluated on the patients with initially altered microbiota. The aim of our study was to estimate effects of

systemic inflammatory response syndrome.

long-term adverse events.

FMT on the gut microbiota composition in healthy volunteers and to monitor its long-term outcomes.

Results: We have performed a combined analysis of three healthy volunteers before and after capsule FMT by
evaluating their general condition, adverse clinical effects, changes of basic laboratory parameters, and several
immune markers. Intestinal microbiota samples were evaluated by 165 rRNA gene and shotgun sequencing. The data
analysis demonstrated profound shift towards the donor microbiota taxonomic composition in all volunteers.
Following FMT, all the volunteers exhibited gut colonization with donor gut bacteria and persistence of this effect for
almost ~1 year of observation. Transient changes of immune parameters were consistent with suppression of T-cell
cytotoxicity. FMT was well tolerated with mild gastrointestinal adverse events, however, one volunteer developed a

Conclusions: The FMT leads to significant long-term changes of the gut microbiota in healthy volunteers with the
shift towards donor microbiota composition and represents a relatively safe procedure to the recipients without

Keywords: Fecal microbiota transplantation, Healthy volunteers, Metagenomics, 16S rRNA gene sequencing,
Shotgun sequencing, Metagenome-assembled genome, Compositional data analysis

Background

Human gut microbiota is a key player in human body
metabolism. Gut microbiota begins to develop from birth
and its composition depends on multiple factors: deliv-
ery type, nosocomial microflora at the obstetrics unit,
maternal diet, breastfeeding etc. [1, 2]. The microbiota is
extremely important for the maintenance of physiological
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homeostasis including synthesis of vitamins and essen-
tial amino acids, short-chain fatty acids (SCFA), e.g.,
butyrate, propionate, acetate which serve as energy sub-
strates for epithelial cells as well as inactivation of toxic
substances [3]. Antibacterial and/or cytostatic treatments
trigger profound changes in gut microbiota composition
reducing bacterial diversity and increasing predominance
of pathogenic microorganisms that facilitate damage to
a gut epithelium barrier and/or alter immune system
response [4].

Fecal microbiota transplantation (FMT) from allo-
geneic donors has become a popular approach to the
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microbiota correction. Recently, the FMT procedure was
approved by the FDA (Food and Drug Administra-
tion) for application in the setting of clinical trials in
recurrent clostridial colitis (recurrent Clostridium diffi-
cile infection — rCDI) [5]. However, several procedure
limitations still exist, thus precluding wider implemen-
tation of this technology, especially in other clinical
settings [6].

Growing interest to this method is determined by
a high response rate (>90%) in rCDI, including cases
with multiple antibiotic resistance [7], positive thera-
peutic effect in severe cases of ulcerative colitis [8],
Crohn’s disease [9], as well as by a relatively simple
application method. There is also evidence of FMT
efficacy in correcting microbiota following antibacterial
treatment [10]. A number of published data provide
evidence for the effectiveness of FMT in complex ther-
apy of autoimmune diseases [11], antibiotic-associated
diarrhea, and in graft-versus-host disease occurring
after hematopoietic stem cell transplantation [12, 13].
The FMT procedure results in reduced prevalence
of gut Enterobacteriaceae with multiple resistance to
beta-lactam antibiotics and carbapenems, vancomycin-
resistant Enterococcus spp. (VRE), methicillin-resistant
Staphylococcus aureus (MRSA) [14], Klebsiella pneumo-
niae and other drug-resistant bacteria [15-17]. These
observations are particularly valuable in the light
of the high mortality caused by antibiotic-resistant
pathogens [18].

It has been previously shown that FMT induces multi-
ple changes in the gut microbiota composition [19, 20].
The main mechanism of FMT effects in inflammatory
bowel diseases (IBD) is believed to be associated with col-
onization of the gut with donor microbiota [21]. However,
there is a lack of data on the exact mechanisms behind
EMT efficacy. Kump et al., have shown that the changes
in taxonomic spectrum of a donor microbiota is the main
factor determining FMT efficacy in patients with ulcer-
ative colitis [22]. On the other hand, colonization with
donor microbiota may, of course, promote the metabolic
potential of the recipient microflora, thus causing clini-
cal improvement. However, these studies were carried out
by treating already severely ill patients, or in vivo animal
models. Despite encouraging results with FMT in differ-
ent clinical settings, we have not found any data on typical
effects of FMT in healthy subjects, evaluating and/or
tracing the microbiota shifts, and investigating the appro-
priate immune system responses. These data would allow
better understanding of the changes after the treatment
in different clinical disorders and may specify changing
patterns of the host-donor microbiota interrelations after
FMT.

Despite the convincing success of FMT, a number of
adverse effects ranging from abdominal complaints to
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fever, bacteremia, and exacerbation of underlying diseases
were reported [23]. However, the data addressing possible
FMT complications in healthy volunteers treated by allo-
geneic microbiota are still lacking. A knowledge of FMT
effects in healthy and diseased persons will enable bet-
ter awareness of participants at future FMT clinical trials
seeking for safety and health risk minimization among
the study subjects. Hence, the aim of our study was to
evaluate effects of FMT upon gut microbiota in healthy
persons following FMT from a healthy donor, as well as
basic parameters of the immune system before and after
this procedure.

Methods

Donor and volunteers selection

A woman, in her mid-thirties, was chosen as a donor
(body mass = 54 kg, BMI = 19.4). She received a usual,
balanced, European diet over the entire period of the
study and was clinically evaluated according to a protocol
recommended by the European Consensus Conference
on Faecal Microbiota Transplantation in Clinical Practice
[24]. Firstly, the donor has been good health, being sub-
jected to an annual routine medical checkup. Her physical
condition, blood counts and routine serum biochemistry
were found to be within normal limits for the preced-
ing 3 years. No dyspepsia or other stool abnormalities
were reported within last year. Routine clinical and lab-
oratory examinations such as clinical blood cell counts,
biochemical blood analysis, and evaluation of lympho-
cyte subpopulations showed no abnormalities, as well
as human viruses blood testing (such as HIV, hepatitis
A-E, CMV, Epstein—Barr virus, HSV-1, HSV-2, HHV-6)
were negative. Syphilis blood testing was also negative.
Secondly, donor stool has been thoroughly examined:
(1) PCR for intestinal microorganisms including oppor-
tunistic species (Colonoflor-16, LLC Alfa Lab, Russia);
(2) bacteriology for antibiotic resistance such as MRSA,
VRE, ESBL, carbapenemase-producing Klebsiella pneu-
moniae and Escherichia coli; (3) study of fecal calpro-
tectin; (4) examination for Clostridium difficile toxins
A and B; (5) PCR testing for enteropathogenic viruses:
CMYV, Epstein-Barr virus, HSV-1, HSV-2, HHV-6, human
adenoviruses (types B, C, E), noroviruses (types 1, 2),
rotaviruses (types A, B, C), enterovirus; (6) parasites test-
ing including protozoa and helminths. After 90 days,
the repeated blood tests were performed as described
above. Implemented clinical testing didn't show abnor-
malities. Three consequent donor samples were collected:
baseline specimens (used for FMT), as well as 193 and
385 days later.

Full awareness of the volunteers of the study purpose,
perform and possible adverse effects from treatment, were
strictly followed through, as stated by approved informed
consent signed by each participant in this study. The
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volunteers’ medical information was anonymized. Access
to full information was available only to the doctor.
Volunteers were physically and mentally healthy. They
kept a standard European diet. After the procedure
participants were monitored in the outpatient depart-
ment of R.M. Gorbacheva memorial institute and had
access to all services such as bone marrow transplant
recipients, including daily care, 24/7 on-call haematolo-
gist and opportunity for hospitalization. The summary
data on the volunteers and the donor are presented in
Additional file 6: Table S1.

Treatment schedule

We have used the FMT protocol including dosage and
timing of the procedure, as well as observation terms
which, in general, correspond to the protocol from the
clinical trial NCT03214289. The workflow of the study
was used in other clinical trials applied for the treatment
of different gastrointestinal disorders [25]. The FMT pro-
cedure was performed in three healthy volunteers (38.6
+7.4 years old, two male and one female). Volunteers
were assigned IDs — V1, V2 and V3. The treatment was
two-staged: the first stage consisted of the administration
of 15 capsules containing donor stool on one day, and
15 capsules on the next day. Mild breakfast was allowed
4 hours before administration. One hour before treat-
ment, each volunteer took a dose of omeprazole (20 mg).
The volunteers were administered solid gelatin capsules
(Coni-Snap® size 4) containing frozen at -20 °C feces, fol-
lowed by drinking water. The anticipated weight of the
material for every single volunteer was 22 g in 30 cap-
sules. The clinical follow-up continued for 300-303 days.
In total, 22 fecal and blood samples of volunteers were
collected. The gut metagenomic study was performed for
the first volunteer in ten time points; he underwent two
FMTs (the second FMT was carried out 38 days after
the first FMT). The second volunteer (V2) was adminis-
tered half of the anticipated dose due to the development
of systemic inflammatory response syndrome (SIRS). The
third volunteer was administered the full anticipated dose.
Adverse effects (AE) were assessed using the Toxicity
Scale (Common Terminology Criteria for Adverse Events
(CTCAE) Version 5.0 Published: November 27, 2017).
The same protocol of fecal microbiota transplantation was
approval and used for patients with refractory Clostridium
difficile infection and graft-versus-host disease in Pavlov
First Saint Petersburg State Medical University hospital
practice [26]. The study description scheme presented in
Fig. 1.

Sample collection, preparation and sequencing

Collection of stool samples was performed in sterile
plastic containers, both before FMT and at different time
points later on. DNA was extracted using PureLink™
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Microbiome DNA Purification Kit (InvitrogenTM, USA)
according to the manufacturer’s protocol. 16S library
preparation and sequencing were done according to
Ilumina protocol (16S Metagenomic Sequencing Library
Preparation). Briefly, extracted DNA was amplified using
standard 16S rRNA gene primers, complementary to
V3-V4 region and containing 5-illumina adapter
sequences. In the next step individual amplicons
were PCR - indexed and pooled. DNA libraries were
sequenced on a MiSeq instrument (Illumina, San Diego,
CA, USA) using Miseq reagent kit v3 (Illumina, San
Diego, CA, USA). For shotgun sequencing, 300 ng of
DNA were sheared by sonication with the Covaris $220
System (Covaris, Woburn, Massachusetts, USA). The
final sizes of fragmented DNA samples were determined
on Agilent 2100 Bioanalyzer (Agilent, USA) using the
manufacturer guide, and were approximately 400-500 bp
long. Paired-end libraries were prepared according to the
manufacturer’s recommendations using NEBNext Ultra
IT DNA Library Prep Kit (New England Biolabs, USA).
The libraries were indexed with NEBNext Multiplex
Oligos kit for Illumina (96 Index Primers, New England
Biolabs, USA). Size distribution for the libraries and
their quality were assessed using a high-sensitivity DNA
chip (Agilent Technologies). The libraries were subse-
quently quantified by Quant-iT DNA Assay Kit, High
Sensitivity (Thermo Scientific, USA). DNA sequencing
was performed on the HiSeq 2500 platform (Illumina,
USA) according to the manufacturer’s recommenda-
tions, using the following reagent kits: HiSeq Rapid PE
Cluster Kit v2, HiSeq Rapid SBS Kit v2 (500 cycles),
HiSeq Rapid PE FlowCell v2 and a 2% PhiX spike-in
control.

Dynamic monitoring of clinical blood cell counts,
biochemical blood analysis, and evaluation of lympho-
cyte subpopulations was performed in the recipients.
Immunophenotyping was performed with a flow
cytometer Cytomics FC500 (Beckman Coulter, USA)
with CXP Analysis software (Beckman Coulter) using
fluorochrome-labeled monoclonal antibodies (CD45
FITC/CD4 PE/CD8 ECD/CD3 PC5, CD19PC7, CD3
FITC/CD(16+56) PE, CD45 PC5, CD5 FITC/CD23
PE/CD19 ECD, CD27PC7, purchased from Beckman
Coulter, USA) and Versalyse wash-free lysis (Beckman
Coulter, USA).

Statistical and bioinformatic analysis

The results of 16S rRNA gene sequencing were indepen-
dently evaluated by two different computer tools. First
tool: metagenomics 16S rRNA Workflow MiSeq Reporter
Package, provided together with Illumina sequencing plat-
form with applied the GreenGenes database [27]. Second
tool: DADA2 pipeline [28] and 16S SILVA database [29]
was applied to predict the taxonomic annotation using
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Fig. 1 Study description. The first line describes sampling points, the second line clinical effect observable caused by taking FMT capsule. The third
line describes obtaining sequencing data and bioinformatic analysis. The sampling and sequencing points are presented in Additional file 6: Table S1
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QIIME2 [30]. Due to the compositional type of such
data (CoDa) to WGS data analysis evaluation required
CoDa analysis approaches [31] such as Aitchison distance
[32, 33] with the aid DEICODE ([34]. The sequence
quality filtration for the WGS metagenomic data was
performed by means of the "metaWRAP read_qc" mod-
ule [35]. To obtain taxonomic compositions for metage-
nomic WGS data, we used MetaPhlAn2 [36, 37]. CoDa
approaches (Aitchison distance) and non-metric multidi-
mensional scaling (NMDS) were used for bi-dimensional
visualization. A balance dendrogram (CoDa dendrogram)
was used for building a model of ecological succession of
recipient gut microbiota due to FMT. This dendrogram-
like graph shows: (a) the way of grouping parts of the
compositional vector; (b) the explanatory role of each sub-
composition generated in the partition process; (c) the
decomposition of the total variance into balance com-
ponents associated with each binary partition [38, 39].
Before the analysis, removal of rare taxa and substitution
of zeros by Bayesian estimation of (non-zero) proportions
were performed [40]. For additional analysis unweighted
UniFrac distance and Bray-Curtis dissimilarity was used.
Visualization was performed in the R statistical envi-
ronment using vegan package [41] and ggplot2 library
(https://ggplot2.tidyverse.org).

To trace distinct donor-derived strains in the recip-
ient metagenomic data we used genome-resolved
metagenomic (GRM) approaches based on metagenome-
assembled genomes (MAGs). To assemble the MAGs,
individual samples from donor and each recipient were
used separately. The metaWRAP pipeline was used for
the MAGs assembly [35] (contain MEGAHIT [19], CON-
COCT [42], MetaBAT2 [43], MaxBin2 [44], and BWA
[45]), with the following parameters of resulting bins:
completeness >70%, contamination <10%, nucleotide
length >2,000,000 bp. Multiple alignments for 43 marker
MAGs segments (amino acid sequences), plotting a
phylogenetic tree, and subsequent taxonomic annotation
was performed by means of CheckM [46].

The MAGs were clustered by alignments, guided by
100% amino acid (AA) similarity between the studied
sequences (dist.alignment from seqinr package for R [47]).
The clusters obtained were then additionally compared
(using full MAGs sequences) by their nucleotide simi-
larity using OrthoANI [48]. To follow the dynamics for
donor MAGs in metagenomic samples from recipients,
the Anvi'o framework [49] (including Prodigal tool [50]),
and Bowtie2 [45] was applied, suggesting a design of
contig database from the donor-derived MAGs, align-
ment of metagenomic samples, as well as visualization
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of the resulting data. Additionally, for tracking donor-
derived bacteria in recipient metagenomes metaSNV [51]
profiling based on mOTUs2 pipeline database [52] was
used (major allele distance was applied as dissimilarity
metric).

Results

Clinical observations

Clinical observations of the volunteers were performed
during the first month post-FMT. The AEs were reg-
istered for all the subjects 8 to 10 hours after taking
the capsules (Additional file 6: Table S2). There was no
emerging AE past the first 24 hours. V1 and V3 exhib-
ited only grade 1 gastrointestinal AEs post-FMT. The
second volunteer (V2) developed a SIRS. Dynamic mon-
itoring of clinical blood cell counts, biochemical blood
analysis, and evaluation of lymphocyte subpopulations
are presented in Fig. 2. On day 2 of treatment, all
laboratory tests were in the normal range, except for
increased blood neutrophil counts from 59.1% (5.1 x10°/1)
to 70.6% (8.9%10%/1), and from 61.4% (6.3x10°/1) to 70.7%
(6.9x10°/1), for V1 and V2, respectively. Blood lympho-
cyte counts showed a decrease from 31.7% to 23.6%,
at similar absolute lymphocyte numbers (2.8x10°/1 and
3.0x10%/1). V3 exhibited a relative decrease of lymphocyte
counts, both in percentage (30.1% to 17.8%) and in abso-
lute values (2.8x10°/1 to 1.7x10°/1). A limited number of
immune parameters included counts of total leukocytes
and their main subpopulations. Gross changes in total
leukocyte and neutrophil counts were observed in V1 and
V2. Meanwhile, the CD3+/CD4+ and CD4+/CD8+ ratios
seemed to increase by day +8 after FMT, with a rapid
reversal to normal values. These changes do not mean
any prolonged immune depression, as compared, e.g., to
leukopenia observed following cytostatic therapy. Rather,
they resemble a systemic acute response to antigenic
stimulation.

For V2, we observed a number of pronounced symp-
toms, which required additional therapy. Ciprofloxacin
was administered at a daily dose of 500 mg for 3 days,
and the 2nd round of FMT in this subject was can-
celed. V2 developed a clinical pattern of the systemic
inflammatory response (fever, with the one-time rise of
body temperature to 39.1 °C, with shivers and tachy-
cardia of 102 per minute on the day after administra-
tion). The blood changes corresponded to acute bacterial
infection: leukocytosis to 16.7x10°/1, neutrophils 90.6%
(15.1x10%/1), absolute lymphopenia (0.9%, 0.2x10°/1).
Blood smear counts showed an increase in band forms,
10% (1.67x10%/1), segmented forms, 80% (13.36x10°/1);
toxic granulation in neutrophils and decrease of lym-
phocytes, 4% (0.66x 10°/1). C-reactive protein levels were
within normal ranges, a marginal increase of y-glutamyl
transpeptidase to 56.7 U/l (normal range: 0-55 U/l) and
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ALT to 62 U/l (normal range: 0-50 U/l) was noted
on day +2. Clinical chemistry parameters of V1 and
V3 were within normal ranges during the treatment
course.

The lymphocyte subpopulations were examined before
FMT, as well as on day +9 and day +30. By day +9,
an increased percentage and absolute numbers were
observed for T-helpers CD3+CD4+, CD19+CD23+
cells; CD4/CD8 ratio; as well as a decrease in lym-
phocyte subpopulations, i.e., T-cytotoxic CD3+CD8+
lymphocytes, and NK cells (CD3-CD16+56+). By
day 30, a reverse dynamics to normal values was
revealed. The number of recipients was insufficient
to evaluate the statistical significance of the observed
changes. However, we could be assumed an associ-
ation between adverse effects and immune system
perturbation.

Gut microbiome changes after FMT

16S rRNA gene sequencing (16S seq) data analysis was
performed in two independent laboratories and the
results were consistent in both assays. Summary sequenc-
ing statistics are presented in Additional file 6: Table S3.
The NMDS bi-dimensional plot obtained with using
Aitchison distance and 16S seq taxonomic data is pre-
sented in Fig. 3. It shows the convergence of the recipients’
gut taxonomic profiles to the donor profile within 300
days after the FMT. Interestingly, the gut metagenomic
profile of V1 showed a dramatic change after the sec-
ond FMT round procedure from the same donor (2 days
after the second FMT round). However, further sam-
ples showed a return to the donor pattern. Additionally,
analysis using NMDS and unweighted UniFrac dis-
tance confirmed previous results (see Additional file 1:
Figure S1A).

Shotgun metagenomic sequencing was another method
for studying changes in the intestinal microbiota profile
of the recipients, which yielded 23.1 £3.7 M of 250 bp
reads per sample (98.3 Gbp in total) after quality control.
Seventeen metagenomic samples were sequenced with the
shotgun method (6 for the V1, 4 for the V2 and V3 and 3
samples for the donor). The sequencing summary statis-
tic is presented in Additional file 6: Table S3. A total of 74
genera were detected in all samples. The dataset of relative
abundances of bacterial genera is shown in Additional
file 6: Table S4. The shotgun sequencing confirmed
the 16S seq data with a similar pattern of changes
towards the donor profile (Fig. 4a). Similar results
were obtained by NMDS bi-dimensional visualization
using Bray-Curtis dissimilarity (see Additional file 1:
Figure S1B).

For constructing the model of microbiota succession
caused by FMT, the balance dendrogram (CoDa den-
drogram) was used. This approach allows identifying
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specific balances (ratio between taxonomic abundances)
that are involved in the reshaping of the microbiome of
recipients [31, 38]. This model describes the intensity
of taxonomic reshapes when moving the recipients’
profiles to the donor-specific parameters (see Fig. 4b).
Immediately, on the fifth day after FMT, the recipients

relatively increased the content of Prevotellaceae,
unknown Burkholderiales, Erysipelotrichaceae, Vel-
lonellaceae, and Desulfovibrionaceae; however, the

shift towards Prevotellaceae, unknown Burkholderiales,

was more pronounced at day 5. At the same time,
the relative increase of Lachnospiraceae, Oscil-
lospiraceae, Rumminococaceae, Sphingomonadaceae,
Bradyrhizobiaceae, Bifidobacteriaceae and Coriobac-
teriaceae occurred less quickly and more smoothly.
Also, the relative abundance of Enterobacteriaceae,
Bacteroidaceae, Porphyromonadaceae, Rikenellaceae,
unknown Bacteroidales, Eubacteriaceae, and Strepto-
coccaceae decreased gradually towards the donor-like
profile.
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Altogether, the obtained results show a directed change
in the gut microbiota composition of volunteers, namely
pre-FMT profiles of the recipient microbiota have
changed after FMT and become similar to the donor
microbiota.

Identification of donor bacteria in the recipient
metagenomes

Taxonomic profiling methods may reveal general changes
of the taxonomic profile for the gut microbiota.
However, it is important to examine the engraftment of
the donor bacteria in recipients. To assess the engraftment
of the donor bacteria using the obtained shotgun sequenc-
ing data, we used genome-resolved metagenomics —
an approach allowing to restore bacterial genome from
the metagenomic data (metagenome-assembled genomes
— MAGs). This method is based on the metagenomic
assembly and clustering of contigs through a metage-
nomic binning procedure and others specific manipula-
tions (see “Methods” section). As a result, 243 MAGs were
assembled for all metagenomic samples both from donor
and recipients. For the donor 46 MAGs were obtained,
for each of the volunteers 87, 56, and 54 MAGs, respec-
tively (note that these MAGs represent microbes from
both pre- and post-FMT time points). Further, based on
43 marker single-copy proteins, the place at the dendro-
gram for each MAG was determined (see Additional file 2:
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Figure S2), and appropriate taxonomic annotation was
ascribed with the CheckM tool. We detected 14 donor-
like MAGs in which 100% amino acid similarity of marker
proteins was observed (see Fig. 5a). The changes in the
relative abundance of these 14 MAGs are shown in Addi-
tional file 3: Figure S3. The similarity of the nucleotide
sequence (average nucleotide identity — ANI) between
donor and recipient MAGs was also high (see Fig. 5b).
Anvi'o visualization for the mapping results of the reads
from recipient samples in the donor MAGs is shown
in Fig. 5c¢.

DONOR_BIN_26 didn’t show the 100% amino acid
homology with MAG of V1 and V3. However, they were
similar in their nucleotide composition. These discor-
dances could be explained by some metagenomic assem-
bly artefacts and binning, thus resulting in chimeric con-
tigs. The given approach shows a rather big number of
false-negative results; however, it allows to detect suc-
cessful cases from nonspecific findings. Of 14 donor
MAGs with complete amino acid sequence similarity in
marker proteins, 10 may be considered as successfully
engrafted in at least one recipient. The DONOR_BIN_28,
DONOR _BIN_47, DONOR_BIN_22, DONOR_BIN_22,
DONOR_BIN_22 did not enter this list due to the fol-
lowing reasons: (1) nucleotide identity from recipient
MAGs (threshold <99.90% ANI); (2) they were covered
by reads after FMT (not 100% certainty of their donor
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Fig. 5 Comparison of similarity between donor and recipients metagenome-assembled genomes (MAGs). a The AA distance based on 43 marker
proteins between all donor MAGs and all MAGs of all recipients. Arrow shows that some MAGs in donor and recipient is present with absolute
similarity of marker genes sequence. b The average nucleotide identity (ANI) between similar donor and recipients MAGs. The MAGs with 100% AA
similarity of 43 marker proteins were selected. ¢ Anvi'o plot denoted prevalence of donor MAGs across all metagenomic samples. Detection value
(proportion of nucleotides in a contig that are covered at least 1x (according to http://merenlab.org/2017/05/08/anvio-views) was used as an
abundance metric, which is shown as color brightness. Black color denotes detection value of donor MAGs in the donor samples, red — in the V1
samples, blue — in the V2 samples, green — in the V3 samples. DONOR BIN - clusters of metagenome-assembled genomes similar to the donor
bacteria. The days after FMT denoted by numbers. The mapping of recipient metagenomic reads to donor MAGs was performed with 100% similarity
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origin). By taxonomic annotation, these "strong" coloniz-
ers belong to the following orders: Bacteroidales (n=>5),
Clostridiales (n=3), Selenomonadales (n=1). Many donor
MAGs didn’t show 100% similarity with recipients MAGs
in the two parameters described above. However, this
MAGs appeared in the recipients after FMT. This can
be explained by the chimeric contigs and/or sequencing
errors when assembling recipients MAGs. In addition,
similar recipient bacteria can increase after FMT.

Ten MAG clusters, similar in amino acid sequences of
marker proteins, were exclusively present in the recipi-
ent metagenomes (see Additional file 3: Figure S3). Based
on the criteria of an nucleotide similarity (ANI >99.90%),
there is evidence that the observed changes of several
genera of bacteria abundances were donor-independent.
Either these expanding bacteria were in donor samples,
but were not found due to insufficient read coverage,
or the FMT procedure induces the relative expansion of
certain types of recipient bacteria (for example, see Addi-
tional file 3: Figure S3A). We have also revealed 4 cases
of similar MAG sets in V2 and V3 that decreased rel-
atively after FMT in both recipients. V2 and V3 have
similar patterns of decrease and increase of some similar
MAGs (see Additional file 3: Figures S3 D, F, H, I, ] and
Additional file 4: Figure S4). More detailed information
about MAGs assembly is presented in Additional file 6:
Table S5.

Additionally, SNV-profiling using mOTUs2 pipeline
and metaSNV was performed. We detected that after
FMT the number of mOTUs identical to donor were
increased. The results are present in Additional file 5:
Figure S5.

Discussion

FMT has been increasingly used for the treatment of dif-
ferent disorders. The majority of studies have focused
on the evaluation of FMT consequences in patients with
rCDI, ulcerative colitis, and Crohn’s disease. It was specu-
lated that in these diseases the therapeutic effect is based
on the expansion of the donor flora and on the correction
of defects in the species composition [53-55]. The cor-
rection of the intestinal microbiome leads to the restora-
tion of short-chain fatty acids and bile acid metabolism,
altered immune response, the profile of cytokines and
chemokines, and augmentation of intestinal wall repara-
tion. The mentioned processes may be immediately or
indirectly affected by other medications, e.g. granulo-
cytic colony-forming factor, glucocorticosteroids used in
hematopoietic stem cell transplantation, antibiotics used
in pseudomembranous colitis, aminosalicylates, anti-TNF
monoclonal antibodies in Crohn’s disease, and nonspe-
cific ulcerative colitis. While the changes in microbiome
after FMT are well established, it is unclear whether
they can be attributed only to FTM, as more complex
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mechanisms may be involved. Therefore, the study of
EMT effects in healthy volunteers is important to under-
stand the mechanisms behind the efficacy of this proce-
dure and potentially to improve its outcome for patients
(e.g. by rules of donor selection).

The present study resulted in several important
findings. First, we demonstrated that FMT even with
a small stool mass (11-22 g) induces profound changes
in healthy persons with normal microbiota composition.
The convergence of the recipient taxonomic composition
to the donor-like state following the FMT procedure was
demonstrated for various diseases [55-58], but compa-
rable changes were observed in the healthy volunteers.
Thus, the effects of FMT are comparable in the normal
and pathological conditions, indicating that the replace-
ment of the missing bacterial populations is not a unique
event for disease conditions. Second, we observed that
the composition of the gut flora is altered due to engraft-
ment of donor bacteria. Although a sequencing artefact
cannot be excluded, all published studies with FMT indi-
cate significant increase in the overall bacterial diversity,
which is not only related to the growth of the donor flora
[59, 60]. The potential mechanisms behind the activation
of recipient flora might be horizontal gene transfer [61],
effects of the non-bacterial stool components [62], and
functional interactions between microbial communities
[63]. Further studies are required to elucidate the exact
mechanism(s). However, we have identified some features
of the restructuring process. Prevotellaceae and unknown
Burkholderiales colonize faster than others. This might
be a "hub" bacteria that allow to develop a new "ver-
sion" of the recipient gut community, which would include
recipient-derived and donor-derived characteristics.

The number of potential applications of FMT is
exponentially growing: decolonization from antibiotic-
resistant bacteria prior to stem cell transplantation [60],
modulation of response to cancer immunotherapies, like
anti-PD-1 antibodies [64], vaccination against respira-
tory pathogens [62], amelioration or prevention of non-
gastrointestinal infections, like malaria [65], treatment of
autism [43] and depression [66]. However, there is no evi-
dence that FMT induces long term changes in subjects
with no previous damage to microbiota due to antibiotics
treatment or to the underlying condition. This study pro-
vides the first proof of principle that, even in a healthy
person, the procedure induces long-term changes with
a shift towards donor profile. Here we show that FTM
induced several gastrointestinal adverse events and early
inflammatory response at day 2 in V1 and V2 cases, i.e., a
shift to band leukocyte forms with normal C-reactive pro-
tein levels in healthy recipients. This suggests the devel-
opment of massive antigenic exposure with leukocytosis
where, even in the absence of detectable evidence, the
development of septic state requiring antibiotic treatment
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cannot be excluded. Indeed, a SIRS-like syndrome was
diagnosed in one of our cases (V2), thus requiring urgent
antibiotic therapy. It should be regarded as a serious
adverse effect of FMT occurring in an obviously healthy
immunocompetent person [23]. The adverse effects after
FMT are classified as mild, serious and severe. Lethal
outcomes following FMT are accidental and are most
likely associated with underlying disease, or exacerbating
comorbidities. A recent detailed review of the side effects
in FMT was based on data obtained from 1998 to 2015
[67]. Severe AEs were mostly related to endoscopic pro-
cedures and aspiration. The use of capsule FMT seems to
minimize the risk of the procedure. The observed mild
adverse effects may require correction using only symp-
tomatic therapy, like anti-inflammatory and spasmolytic
drugs. Leukocytosis and neutrophilia, along with relative
and absolute lymphopenia may be a near-normal vari-
ant following FMT. One volunteer did receive a short
treatment of ciprofloxacin for systemic inflammatory
response syndrome (SIRS), but the sequencing data still
indicated the shift towards the donor pattern of the
microbiota. In the previous study, though, early antibi-
otic use was reported to compromise the efficacy of the
procedure [68].

Although the study group was small, the observed
changes were consistent with previous preclinical stud-
ies [69, 70] and case reports [71]. There was a transient
decrease in total lymphocyte count, a decrease of CD8+
cells, decrease of NK cells and increased CD4/CDS8 ratio.
The effect was most prominent in the volunteer with SIRS.
The downregulation of lymphocyte response might have
comparable mechanisms to the one induced under bac-
terial septic conditions [72]. This AE might be one of
the mechanisms behind the FMT benefit in autoimmune
disorders.

In the clinical studies it was demonstrated that the
efficacy of FMT was based on such genera as Ruminococ-
caceae, Lachnospiraceae and Prevotellaceae [59, 73].
These were the bacterial species that were consistently
expanded in the volunteer samples. It is unclear if they
directly drive the therapeutic effect of the FMT or are just
a marker of the changes that induce the response. The
question regarding the optimal donor and driving force
for each indication is still open. Only accumulation of
clinical observations will give the answer to this intrigu-
ing question. Another approach used by the industry in
the early clinical trials is the mixture of products from
a large number of donors (https://clinicaltrials.gov/ct2/
show/NCT03497806), but the benefits and drawbacks of
such an approach are still to be evaluated.

Our study, though rather limited, shows some poten-
tial risks of the allogeneic FMT procedure, even when
performed in healthy volunteers. Appropriate studies in
healthy persons should be performed cautiously under
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strict medical supervision. The FMT procedure should be
administered only if the expected benefits sufficiently pre-
vail over the possible risks. Moreover, the FMT protocol
should be detailed and reproducible to obtain stable
clinical outcomes.

Conclusions

The main conclusion of the present study is the con-
firmation of the long-term microbiota composition con-
version by FMT in healthy subjects. The microbiome
composition in recipients shifted towards the donor
profile. The most important finding was the rela-
tive expansion of donor-derived bacteria inside healthy
recipients gut. Additional important findings may be
certain rules of community succession after FMT.
Perhaps in the future, the description of these rules will
allow the microbiota to be controlled and directed from
one state to another. However, researchers and physicians
should take a responsible approach to the FMT procedure
and apply this procedure only when the positive effects far
exceed the possible risks, since fecal transplantation may
be associated with severe side effects.

Supplementary information
Supplementary information accompanies this paper at
https://doi.org/10.1186/512866-019-1689-y.

Additional file 1: Additional file 1: Figure ST Non-metric multidimensional
scaling bi-dimensional plots of MetaPhlAn2 taxonomic profile (genera level
relative abundances), based on the unweighted UniFrac distance (A) and
Bray-Curtis dissimilarity (B). The lines denote the evolution of the
volunteer's samples in time (different time points). The days after FMT
procedure (or baseline for donor samples) denoted by numbers.

Additional file 2: Additional file 2: Figure S2 Recipient MAGs with donor
MAGs 100% amino acid similarity of 43 marker protein relative abundance
change.

Additional file 3: Additional file 3: Figure S3 Similar recipient MAGs (with
100% similarity of 43 marker proteins) relative abundance change.

Additional file 4: Additional file 4: Figure S4 The ANI between similar
recipient MAGs. Recipient MAGs with 100% AA similarity of 43 marker
proteins were selected.

Additional file 5: Additional file 5: Figure S5 Comparison of similarity
donor and recipient bacteria based on metaSNV profiling. (A) Histograms
shows frequency of distances between major donor sample (used for FMT
procedure), additional donor samples and recipient metagenomes.
Metagenomic samples obtained before FMT were removed. (B) Evolution
of distances between major donor sample and metagenomic samples of
each recipient over time.

Additional file 6: Additional file 6: Table ST Summary data about the
donor and recipients.

Additional file 6: Table S2 Adverse effects after FMT in healthy volunteers
(scored by Common Terminology Criteria for Adverse Events (CTCAE)
Version 5.0.)

Additional file 6: Table S3 Sequencing and general statistics.

Additional file 6: Table S4 Relative abundance of microbial genera and
viruses in the WGS metagenomes.

Additional file 6: Table S5 MAGs assembly and taxonomic annotation
statistics.



https://clinicaltrials.gov/ct2/show/NCT03497806
https://clinicaltrials.gov/ct2/show/NCT03497806
https://doi.org/10.1186/s12866-019-1689-y

Goloshchapov et al. BMC Microbiology (2019) 19:312

Abbreviations

AA: Amino acid; AE: Adverse effect; ALT: Alanine aminotransferase; ANI: Average
nucleotide identity; CMV: Cytomegalovirus; CoDa: Compositional data; ESBL:
Extended-spectrum beta-lactamase; FMT: Fecal microbiota transplantation;
GRM: Genome-resolved metagenomics; HHV-6: Human betaherpesvirus 6; HIV:
Human immunodeficiency virus; HSV-1: Human alphaherpesvirus 1; HSV-2:
Human alphaherpesvirus 2; MAG: Metagenome-assembled genome; mOTU:
Metagenomic operational taxonomic unit; MRSA: Methicillin-resistant
staphylococcus aureus; NK: Natural killer; NMDS: Non-metric multidimensional
scaling; rCDI: Recurrent clostridium difficile infection; SIRS: Systemic
inflammatory response syndrome; SNV: Single nucleotide variant; VRE:
Vancomycin-resistant enterococci; WGS: Whole genome sequencing

Acknowledgements
We thank the hospital and laboratory staff, volunteers for participating in this
study.

Author’s contributions

GOV - research idea, performed general coordination. OEl — 16S rRNA gene
and shotgun sequencing data analysis, partially wrote the manuscript. SSV -
16S rRNA sequencing, edited the manuscript. MIS — general statistical
evaluation, edited the manuscript. KMA — wrote the manuscript. FDE —
implementation of SNV-based profiling. PAV, MAI - contributed to the
bioinformatics analysis and manuscript preparation. GW - performed 165
rRNA gene sequencing. VWA and KKM - performed shotgun sequencing. KES —
supervising of shotgun sequencing. BEA — 16S rRNA gene sequencing data
analysis. SAN, GED, KRV, SAA — contributed to the organization of work, edited
the manuscript. GMV - performed immunophenotyping of peripheral blood
lymphocytes. EJJ and P-GV - performed CoDa analysis and text manuscript
preparation. SMA — preparation of capsules with fecal microbiota. CAB —
coordinated routine infectious diagnostics, edited the manuscript. GVM —
contributed to the conception of shotgun data analysis and interpretation
results. IEN — supervised shotgun sequencing, data analysis, contributed to
interpretation results, edited the manuscript. ABV — contributed to the general
conception of research design, and to the interpretation results. All authors
read and approved the final manuscript.

Funding

The study design was funded by Pavlov First Saint Petersburg State Medical
University. The 16S gene sequencing was funded by Pediatric Research and
Clinical Center for Infectious Diseases. The shotgun sequencing and general
metagenomic data analysis were supported by Federal Research and Clinical
Centre of Physical and Chemical Medicine of Federal Medical and Biological
Agency of Russia and the Government of Russian Federation [grant
17.001.19.800]. The CoDa data analysis was funded by Ministerio de Ciencia,
Innovacion y Universidades (CODAMET, Ref.:
RTI2018-095518-B-C21,2019-2021).

Availability of data and materials

We made data obtained in this study publicly available at (http://download.
ripcm.com/add_files), where are presented (1) the QIME2 and MetaPhlAn2
taxonomic tables; (2) the Anvi'o profile to interactively visualize and further
investigate donor MAGs mapping profiles across samples; (3) the distribution
statistics for each donor MAG across samples; (4) FASTA files for each MAGs.
Raw metagenomic data are also deposited at the NCBI Sequence Read
Archives under the BioProjects accession numbers PRINA509769 and
PRINA510036.

Ethics approval and consent to participate

The study was approved by the Pavlov University Review Board (Protocol
No.192, Jan 30, 2017). The participation was voluntary for each person involved
in this study. Before launching the study, each volunteer signed an informed
consent which contained the following information: (1) aims and tasks of the
study; (2) protocol of the study; (3) criteria for inclusion in the study; (4) duties
of a volunteer participating in the study; (5) benefits for taking part in the
study; (6) potential risks, inconvenience, and adverse effects. The volunteers
could refuse participation in the study at any stage without any consequences.

Consent for publication
Not Applicable.

Page 11 0f 13

Competing interests
The authors declare that they have no competing interests.

Author details

'RM.Gorbacheva Memorial Institute of Oncology, Hematology and
Transplantation, Pavlov First Saint Petersburg State Medical University, St.
Petersburg, Russian Federation. 2Federal Research and Clinical Centre of
Physical and Chemical Medicine of Federal Medical and Biological Agency of
Russia, Moscow, Russian Federation. 3Pediatric Research and Clinical Center for
Infectious Diseases, St. Petersburg, Russia. “Mechnikov North-West State
Medical University, St. Petersburg, Russia. > Universitat Politécnica de
Catalunya, Barcelona, Spain. ®Universitat de Girona, Girona, Spain. ’Explana
Research Laboratory, St. Petersburg, Russian Federation.

Received: 20 June 2019 Revised: 13 December 2019 Accepted: 17
December 2019
Published online: 30 December 2019

References

1. Mackie RI, Sghir A, Gaskins HR. Developmental microbial ecology of the
neonatal gastrointestinal tract. Am J Clin Nutri. 1999;69(5):1035-45.
https://doi.org/10.1093/ajcn/69.5.1035s.

2. FanaroS, Chierici R, Guerrini P, Vigi V. Intestinal microflora in early
infancy: composition and development. Acta Paediatrica. 2003;92:48-55.
https://doi.org/10.1111/j.1651-2227.2003 tb00646.X.

3. Belkaid Y, Harrison OJ. Homeostatic immunity and the microbiota. Immunity.
2017;46(4):562-76. https://doi.org/10.1016/j.immuni.2017.04.008.

4. Damman CJ, Miller SI, Surawicz CM, Zisman TL. The microbiome and
inflammatory bowel disease: is there a therapeutic role for fecal
microbiota transplantation? Am J Gastroenterol. 2012;107(10):1452.
https://doi.org/10.1038/ajg.2012.93.

5. Food U, Administration D, et al. Guidance for industry: enforcement
policy regarding investigational new drug requirements for use of fecal
microbiota for transplantation to treat clostridium difficile infection not
responsive to standard therapies. Center Biol Eval Res. 2013. http://www.
fda.gov/downloads/BiologicsBloodVaccines/
GuidanceComplianceRegulatorylnformation/Guidances/Vaccines/
UCM361393.pdf. Accessed July 2013.

6. Ossorio PN, Zhou Y. Regulating stool for microbiota transplantation. Gut
Microbes. 2018;10(2):105-8. https://doi.org/10.1080/19490976.2018.
1502537.

7. Austin M, Mellow M, Tierney WM. Fecal microbiota transplantation in the
treatment of clostridium difficile infections. Am J Med. 2014;127(6):
479-83. https://doi.org/10.1016/j.amjmed.2014.02.017.

8. Rossen NG, Fuentes S, van der Spek MJ, Tijssen JG, Hartman JH, Duflou A,
Léwenberg M, van den Brink GR, Mathus-Vliegen EM, de Vos WM, et al.
Findings from a randomized controlled trial of fecal transplantation for
patients with ulcerative colitis. Gastroenterology. 2015;149(1):110-8.
https://doi.org/10.1053/j.gastro.2015.03.045.

9. Suskind DL, Brittnacher MJ, Wahbeh G, Shaffer ML, Hayden HS, Qin X,
Singh N, Damman CJ, Hager KR, Nielson H, et al. Fecal microbial
transplant effect on clinical outcomes and fecal microbiome in active
crohn’s disease. Inflammatory Bowel Diseases. 2015;21(3):556-63. https://
doi.org/10.1097/MIB.0000000000000307.

10. Keshteli A, Millan B, Madsen K. Pretreatment with antibiotics may
enhance the efficacy of fecal microbiota transplantation in ulcerative
colitis: a meta-analysis. Mucosal Immun. 2017;10(2):565-6. https://doi.
org/10.1038/mi.2016.123.

11. Sampson TR, Debelius JW, Thron T, Janssen'S, Shastri GG, llhan ZE, Challis C,
Schretter CE, Rocha S, Gradinaru V, et al. Gut microbiota regulate motor
deficits and neuroinflammation in a model of parkinson’s disease. Cell.
2016;167(6):1469-80. https://doi.org/10.1016/j.cell.2016.11.018.

12. Kakihana K, Fujioka Y, Suda W, Najima Y, Kuwata G, Sasajima 'S, Mimura
|, Morita H, Sugiyama D, Nishikawa H, et al. Fecal microbiota
transplantation for patients with steroid-resistant acute graft-versus-host
disease of the gut. Blood. 2016;128(16):2083-8. https://doi.org/10.1182/
blood-2016-05-717652.

13. Kucher MA, Goloschapov OV, Moiseev IS, Afanasyev BV. Fecal
microbiota transplantation as a method to treat complications after
hematopoietic stem cell transplantation. Cell Ther Transplant. 2017;6(1):
20-9. https://doi.org/10.18620/ctt-1866-8836-2017-6-1-20-29.


http://download.ripcm.com/add_files
http://download.ripcm.com/add_files
https://doi.org/10.1093/ajcn/69.5.1035s
https://doi.org/10.1111/j.1651-2227.2003.tb00646.x
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1038/ajg.2012.93
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/UCM361393.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/UCM361393.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/UCM361393.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/UCM361393.pdf
https://doi.org/10.1080/19490976.2018.1502537
https://doi.org/10.1080/19490976.2018.1502537
https://doi.org/10.1016/j.amjmed.2014.02.017
https://doi.org/10.1053/j.gastro.2015.03.045
https://doi.org/10.1097/MIB.0000000000000307
https://doi.org/10.1097/MIB.0000000000000307
https://doi.org/10.1038/mi.2016.123
https://doi.org/10.1038/mi.2016.123
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1182/blood-2016-05-717652
https://doi.org/10.1182/blood-2016-05-717652
https://doi.org/10.18620/ctt-1866-8836-2017-6-1-20-29

Goloshchapov et al. BMC Microbiology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2019) 19:312

Manges AR, Steiner TS, Wright AJ. Fecal microbiota transplantation for
the intestinal decolonization of extensively antimicrobial-resistant
opportunistic pathogens: a review. Infectious Diseases. 2016;48(8):
587-92. https://doi.org/10.1080/23744235.2016.1177199.

Pamer EG. Resurrecting the intestinal microbiota to combat
antibiotic-resistant pathogens. Science. 2016;352(6285):535-8. https://
doi.org/10.1126/science.aad9382.

Bilinski J, Grzesiowski P, Sorensen N, Madry K, Muszynski J, Robak K,
Wroblewska M, Dzieciatkowski T, Dulny G, Dwilewicz-Trojaczek J, et al.
Fecal microbiota transplantation in patients with blood disorders inhibits
gut colonization with antibiotic-resistant bacteria: results of a prospective,
single-center study. Clin Infectious Diseases. 2017;65(3):364-70. https://
doi.org/10.1093/cid/cix252.

Dinh A, Duran C, Bouchand F, Salomon J, Davido B. Fecal microbiota
transplantation is a new effective weapon to fight multidrug-resistant
bacteria, but harmonization and more data are needed. Clin Infectious
Diseases. 2017,65(8):1425-6. https://doi.org/10.1093/cid/cix538.
Aidara-Kane A, Angulo FJ, Conly JM, Minato Y, Silbergeld EK, McEwen
SA, Collignon PJ. World health organization (who) guidelines on use of
medically important antimicrobials in food-producing animals.
Antimicrob Resis Infection Control. 2018;7(1):7.

LiSS, Zhu A, BenesV, Costea Pl, Hercog R, Hildebrand F, Huerta-Cepas
J, Nieuwdorp M, Salojérvi J, Voigt AY, et al. Durable coexistence of donor
and recipient strains after fecal microbiota transplantation. Science.
2016;352(6285):586-9. https://doi.org/10.1126/science.aad8852.

Smillie CS, Sauk J, Gevers D, Friedman J, SungJ, Youngster |, Hohmann
EL, Staley C, Khoruts A, Sadowsky MJ, et al. Strain tracking reveals the
determinants of bacterial engraftment in the human gut following fecal
microbiota transplantation. Cell Host Microbe. 2018;23(2):229-40. https://
doi.org/10.1016/j.chom.2018.01.003.

Bojanova DP, Bordenstein SR. Fecal transplants: what is being
transferred? PLoS Biol. 2016;14(7):1002503. https://doi.org/10.1371/
journal.pbio.1002503.

Kump P, Wurm P, Grochenig H, Wenzl H, Petritsch W, Halwachs B,
Wagner M, StadlbauerV, Eherer A, Hoffmann K, et al. The taxonomic
composition of the donor intestinal microbiota is a major factor
influencing the efficacy of faecal microbiota transplantation in therapy
refractory ulcerative colitis. Aliment Pharmacol Ther. 2018;47(1):67-77.
https://doi.org/10.1111/apt.14387.

Dailey FE, Turse EP, Daglilar E, Tahan V. The dirty aspects of fecal
microbiota transplantation: a review of its adverse effects and
complications. Curr Opin Pharmacol. 2019;49:29-33. https://doi.org/10.
1016/j.coph.2019.04.008.

Cammarota G, laniro G, Tilg H, Rajili¢-Stojanovi¢ M, Kump P, Satokari R,
Sokol H, Arkkila P, Pintus C, Hart A, et al. European consensus conference
on faecal microbiota transplantation in clinical practice. Gut. 2017,66(4):
569-80. https://doi.org/10.1136/gutjnl-2016-313017.

Shouval R, Geva M, Nagler A, Youngster I. Fecal microbiota
transplantation for treatment of acute graft-versus-host disease. Clin
Hematol Int. 2019;1(1):28-35. https://doi.org/10.2991/chi.d.190316.002.
Goloshchapov K. K.S. G. K. S.S. C. Z. A. Churakina. Fecal microbiota
transplantation in critical condition of patients in hematological practice.
Bulletin Anesthesiol Resuscit. 2019;16(3):63-73. in Russian. https://doi.
0rg/10.21292/2078-5658-2019-16-3-63-73.

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A,
Andersen GL, Knight R, Hugenholtz P. An improved greengenes
taxonomy with explicit ranks for ecological and evolutionary analyses of
bacteria and archaea. ISME J. 2012;6(3):610-8. https://doi.org/10.1038/
ismej.2011.139.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
Dada2: high-resolution sample inference from illumina amplicon data.
Nature Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869.
Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glockner FO. The silva ribosomal ra gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 2012;41(D1):
590-6. https://doi.org/10.1093/nar/gks1219.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. Reproducible,
interactive, scalable and extensible microbiome data science using giime
2. Nature Biotechnol. 2019;37(8):852-7. https://doi.org/10.1038/541587-
019-0209-9.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 12 0f 13

Pawlowsky-Glahn V, Egozcue JJ, Tolosana-Delgado R. Modeling and
Analysis of Compositional Data: John Wiley & Sons; 2015, p. 272. https://
doi.org/10.1002/9781119003144.

Aitchison J. On criteria for measures of compositional difference. Mathematical
Geol. 1992;24(4):365-79. https://doi.org/10.1007/BFO0891269.

Aitchison J. The one-hour course in compositional data analysis or
compositional data analysis is simple. In: Pawlowsky-Glahn V, editor.
Proceedings of the IIl Annual Conference of the International Association
for Mathematical Geology (vol.l). Barcelona, Spain: CIMNE; 1997. p. 3-35.
ISBN 84-87867-97-9.

Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R,
Zengler K. A novel sparse compositional technique reveals microbial
perturbations. MSystems. 2019;4(1):00016-19. https://doi.org/10.1128/
mSystems.00016-19.

Uritskiy GV, DiRuggiero J, Taylor J. Metawrap - a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome. 2018;6(1):
158. https://doi.org/10.1186/540168-018-0541-1.

Segata N, Waldron L, Ballarini A, Narasimhan V, Jousson O,
Huttenhower C. Metagenomic microbial community profiling using
unique clade-specific marker genes. Nature Methods. 2012;9(8):811-4.
https://doi.org/10.1038/nmeth.2066.

Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G, Pasolli E, Tett A,
Huttenhower C, Segata N. Metaphlan2 for enhanced metagenomic
taxonomic profiling. Nature Methods. 2015;12(10):902-3. https://doi.org/
10.1038/nmeth.3589.

Egozcue JJ, Pawlowsky-Glahn V. Coda-dendrogram: a new exploratory
tool. In: Proceedings of CoDaWork'05, The 2nd Compositional Data
Analysis Workshop. Girona, Spain: UdG; 2005. ISBN 84-8458-222-1.
Pawlowsky-Glahn V, Egozcue JJ. Exploring compositional data with the
coda-dendrogram. Au J Stat. 2011;40(1-2):103-13. https://doi.org/10.
17713/ajsv40i18&2.202.

Egozcue JJ, Pawlowsky-Glahn V, Gloor GB. Linear association in
compositional data analysis. Au J Stat. 2018;47(1):3-31. https://doi.org/10.
17713/ajs.v47i1.689.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'hara R,
Simpson GL, Solymos P, Stevens MHH, Wagner H, et al. Package 'vegan'.
Community ecology package, version. 2013;2(9):. http://cc.oulu.fi/~
jarioksa/opetus/metodi/vegantutor.pdf.

Alneberg J, Bjarnason BS, De Bruijn |, Schirmer M, QuickJ, ljaz UZ, Lahti
L, Loman NJ, Andersson AF, Quince C. Binning metagenomic contigs by
coverage and composition. Nature Methods. 2014;11(11):1144-6. https://
doi.org/10.1038/nmeth.3103.

Kang DD, Froula J, Egan R, Wang Z. Metabat, an efficient tool for
accurately reconstructing single genomes from complex microbial
communities. PeerJ. 2015;3:1165. https://doi.org/10.7717/peerj.1165.

Wu Y-W, Simmons BA, Singer SW. Maxbin 2.0: an automated binning
algorithm to recover genomes from multiple metagenomic datasets.
Bioinformatics. 2015;32(4):605-7. https://doi.org/10.1093/bioinformatics/
btv638.

Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2.
Nature Methods. 2012;9(4):357-9.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. Checkm:
assessing the quality of microbial genomes recovered from isolates,
single cells, and metagenomes. Genome Res. 2015;25(7):1043-55. https://
doi.org/10.1101/gr.186072.114.

Charif D, Lobry JR. Seqinr 1.0-2: a contributed package to the r project for
statistical computing devoted to biological sequences retrieval and
analysis. In: Structural Approaches to Sequence Evolution. Springer; 2007.
p. 207-32. https://doi.org/10.1007/978-3-540-35306-5_10.

Leel, Kim YO, Park S-C, Chun J. Orthoani: an improved algorithm and
software for calculating average nucleotide identity. Int J Syst Evolution
Microbiol. 2016,66(2):1100-3. https://doi.org/10.1099/ijsem.0.000760.
Eren AM, Esen OC, Quince C, Vineis JH, Morrison HG, Sogin ML,
Delmont TO. Anvi'o: an advanced analysis and visualization platform for
‘omics data. PeerJ. 2015;3:1319. https://doi.org/10.7717/peerj.1319.

Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ.
Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics. 2010;11(1):119. https://doi.org/10.
1186/1471-2105-11-119.

Costea PI, Munch R, Coelho LP, Paoli L, Sunagawa S, Bork P. metasnv: a
tool for metagenomic strain level analysis. PLoS One. 2017;12(7):0182392.
https://doi.org/10.1371/journal.pone.0182392.


https://doi.org/10.1080/23744235.2016.1177199
https://doi.org/10.1126/science.aad9382
https://doi.org/10.1126/science.aad9382
https://doi.org/10.1093/cid/cix252
https://doi.org/10.1093/cid/cix252
https://doi.org/10.1093/cid/cix538
https://doi.org/10.1126/science.aad8852
https://doi.org/10.1016/j.chom.2018.01.003
https://doi.org/10.1016/j.chom.2018.01.003
https://doi.org/10.1371/journal.pbio.1002503
https://doi.org/10.1371/journal.pbio.1002503
https://doi.org/10.1111/apt.14387
https://doi.org/10.1016/j.coph.2019.04.008
https://doi.org/10.1016/j.coph.2019.04.008
https://doi.org/10.1136/gutjnl-2016-313017
https://doi.org/10.2991/chi.d.190316.002
https://doi.org/10.21292/2078-5658-2019-16-3-63-73
https://doi.org/10.21292/2078-5658-2019-16-3-63-73
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1002/9781119003144
https://doi.org/10.1002/9781119003144
https://doi.org/10.1007/BF00891269
https://doi.org/10.1128/mSystems.00016-19
https://doi.org/10.1128/mSystems.00016-19
https://doi.org/10.1186/s40168-018-0541-1
https://doi.org/10.1038/nmeth.2066
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.17713/ajs.v40i1&2.202
https://doi.org/10.17713/ajs.v40i1&2.202
https://doi.org/10.17713/ajs.v47i1.689
https://doi.org/10.17713/ajs.v47i1.689
http://cc.oulu.fi/~jarioksa/opetus/metodi/vegantutor.pdf
http://cc.oulu.fi/~jarioksa/opetus/metodi/vegantutor.pdf
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.7717/peerj.1165
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1007/978-3-540-35306-5_10
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.7717/peerj.1319
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1371/journal.pone.0182392

Goloshchapov et al. BMC Microbiology

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(2019) 19:312

Milanese A, Mende DR, Paoli L, Salazar G, Ruscheweyh H-J, Cuenca M,
Hingamp P, Alves R, Costea PI, Coelho LP, et al. Microbial abundance,
activity and population genomic profiling with motus2. Nature Commun.
2019;10(1):1014. https://doi.org/10.1038/s41467-019-08844-4.

Lopez J, Grinspan A. Fecal microbiota transplantation for inflammatory
bowel disease. Gastroenterol Hepa. 2016;12(6):374-9. https://doi.org/10.
2147/JIR.S176190.

Leszczyszyn JJ, Radomski M, Leszczyszyn AM. Intestinal microbiota
transplant-current state of knowledge. Reumatologia. 2016;54(1):24-8.
https://doi.org/10.5114/reum.2016.58758.

Seekatz AM, Aas J, Gessert CE, Rubin TA, Saman DM, Bakken JS, Young
VB. Recovery of the gut microbiome following fecal microbiota
transplantation. MBio. 2014;5(3):00893-14. https://doi.org/10.1128/mBio.
00893-14.

Shahinas D, Silverman M, Sittler T, Chiu C, Kim P, Allen-Vercoe E, Weese S,
Wong A, Low DE, Pillai DR. Toward an understanding of changes in
diversity associated with fecal microbiome transplantation based on 16s
rra gene deep sequencing. MBio. 2012;3(5):00338-12. https://doi.org/10.
1128/mBi0.00338-12.

Hamilton MJ, Weingarden AR, Unno T, Khoruts A, Sadowsky MJ. High-
throughput dna sequence analysis reveals stable engraftment of gut
microbiota following transplantation of previously frozen fecal bacteria.
Gut Microbes. 2013;4(2):125-35. https://doi.org/10.4161/gmic.23571.
Weingarden A, Gonzalez A, Vazquez-Baeza Y, Weiss S, Humphry G,
Berg-Lyons D, Knights D, Unno T, Bobr A, Kang J, et al. Dynamic
changes in short-and long-term bacterial composition following fecal
microbiota transplantation for recurrent clostridium difficile infection.
Microbiome. 2015;3(1):10. https://doi.org/10.1186/540168-015-0070-0.
Staley C, Kaiser T, Vaughn BP, Graiziger CT, Hamilton MJ, Ur Rehman T,
Song K, Khoruts A, Sadowsky MJ. Predicting recurrence of clostridium
difficile infection following encapsulated fecal microbiota transplantation.
Microbiome. 2018;6(1):166. https://doi.org/10.1186/540168-018-0549-6.
Mintz M, Khair S, Grewal S, LaComb JF, Park J, Channer B, Rajapakse R,
Bucobo JC, Buscaglia JM, Monzur F, et al. Longitudinal microbiome
analysis of single donor fecal microbiota transplantation in patients with
recurrent clostridium difficile infection and/or ulcerative colitis. PloS One.
2018;13(1):0190997. https://doi.org/10.1371/journal.pone.0190997.
Denef VJ, Kalnejais LH, Mueller RS, Wilmes P, Baker BJ, Thomas BC,
VerBerkmoes NC, Hettich RL, Banfield JF. Proteogenomic basis for
ecological divergence of closely related bacteria in natural acidophilic
microbial communities. Proc Nat Acad Sci. 2010;107(6):2383-90. https://
doi.org/10.1073/pnas.0907041107.

Vandeputte D, Falony G, Vieira-Silva S, Tito RY, Joossens M, Raes J. Stool
consistency is strongly associated with gut microbiota richness and
composition, enterotypes and bacterial growth rates. Gut. 2016;65(1):
57-62. https://doi.org/10.1136/gutjnl-2015-309618.

Goodman AL, Kallstrom G, Faith JJ, Reyes A, Moore A, Dantas G,
Gordon JI. Extensive personal human gut microbiota culture collections
characterized and manipulated in gnotobiotic mice. Proc Nat Acad Sci.
2011;108(15):6252-7. https://doi.org/10.1073/pnas.1102938108.
Gopalakrishnan V, Spencer C, NeziL, Reuben A, Andrews M, KarpinetsT,
Prieto P, Vicente D, Hoffman K, Wei S, et al. Gut microbiome modulates
response to anti-pd-1 immunotherapy in melanoma patients. Science.
2018;359(6371):97-103. https://doi.org/10.1126/science.aan4236.

Gut microbiota elicits a protective immune response against malaria
transmission. Cell. 2014. https://doi.org/10.1016/j.cell.2014.10.053.
Transferring the blues: Depression-associated gut microbiota induces
neurobehavioural changes in the rat. J Psych Res. 2016. https://doi.org/
10.1016/}jpsychires.2016.07.019.

Wang S, Xu M, Wang W, Cao X, Piao M, Khan'S, YanF, Cao H, Wang B.
Systematic review: Adverse events of fecal Microbiota transplantation.
2016. https://doi.org/10.1371/journal.pone.0161174.

Allegretti JR, Kao D, Sitko J, Fischer M, Kassam Z. Early Antibiotic Use
after Fecal Microbiota Transplantation Increases Risk of Treatment Failure.
Clin Inf Diseases. 2018. https://doi.org/10.1093/cid/cix684.
Hensley-McBain T, Zevin AS, Manuzak J, Smith E, Gile J, Miller C,
Agricola B, Katze M, Reeves RK, Kraft CS, Langevin S, Klatt NR. Effects of
Fecal Microbial Transplantation on Microbiome and Immunity in Simian
Immunodeficiency Virus-Infected Macaques. J Virol. 2016. https://doi.org/
10.1128/jvi.00099-16.

70.

71

72.

73.

Page 13 0f 13

Ekmekciu I, von Klitzing E, Neumann C, Bacher P, Scheffold A, Bereswill S,
Heimesaat MM. Fecal microbiota transplantation, commensal Escherichia
coli and Lactobacillus johnsonii strains differentially restore intestinal and
systemic adaptive immune cell populations following broad-spectrum
antibiotic treatment. Front Microbiol. 2017. https://doi.org/10.3389/
fmicb.2017.02430.

Gunaltay S, Rademacher L, Hornquist EH, Bohr J. Clinical and
immunologic effects of faecal microbiota transplantation in a patient
with collagenous colitis. World J Gastroenterol. 2017. https://doi.org/10.
3748/wjg.v23.i7.1319.

Markwart R, Condotta SA, Requardt RP, Borken F, Schubert K, Weigel C,
Bauer M, Griffith TS, Forster M, Brunkhorst FM, Badovinac VP, Rubio I.
Immunosuppression after sepsis: Systemic inflammation and sepsis
induce a loss of naive T-cells but no enduring cell-autonomous defects in
T-cell function. PLoS ONE. 2014. https://doi.org/10.1371/journal.pone.
0115094.

Microbiota Transfer Therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: An open-label study. Microbiome.
2017. https://doi.org/10.1186/540168-016-0225-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1038/s41467-019-08844-4
https://doi.org/10.2147/JIR.S176190
https://doi.org/10.2147/JIR.S176190
https://doi.org/10.5114/reum.2016.58758
https://doi.org/10.1128/mBio.00893-14
https://doi.org/10.1128/mBio.00893-14
https://doi.org/10.1128/mBio.00338-12
https://doi.org/10.1128/mBio.00338-12
https://doi.org/10.4161/gmic.23571
https://doi.org/10.1186/s40168-015-0070-0
https://doi.org/10.1186/s40168-018-0549-6
https://doi.org/10.1371/journal.pone.0190997
https://doi.org/10.1073/pnas.0907041107
https://doi.org/10.1073/pnas.0907041107
https://doi.org/10.1136/gutjnl-2015-309618
https://doi.org/10.1073/pnas.1102938108
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1016/j.cell.2014.10.053
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1371/journal.pone.0161174
https://doi.org/10.1093/cid/cix684
https://doi.org/10.1128/jvi.00099-16
https://doi.org/10.1128/jvi.00099-16
https://doi.org/10.3389/fmicb.2017.02430
https://doi.org/10.3389/fmicb.2017.02430
https://doi.org/10.3748/wjg.v23.i7.1319
https://doi.org/10.3748/wjg.v23.i7.1319
https://doi.org/10.1371/journal.pone.0115094
https://doi.org/10.1371/journal.pone.0115094
https://doi.org/10.1186/s40168-016-0225-7

	Abstract
	Background
	Results
	Conclusions
	Keywords

	Background
	Methods
	Donor and volunteers selection
	Treatment schedule
	Sample collection, preparation and sequencing
	Statistical and bioinformatic analysis

	Results
	Clinical observations
	Gut microbiome changes after FMT
	Identification of donor bacteria in the recipient metagenomes

	Discussion
	Conclusions
	Supplementary informationSupplementary information accompanies this paper at https://doi.org/10.1186/s12866-019-1689-y.
	Additional file 1
	Additional file 2
	Additional file 3
	Additional file 4
	Additional file 5
	Additional file 6

	Abbreviations
	Acknowledgements
	Author's contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher's Note

