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ABSTRACT

Fecal microbiota transplantation (FMT) targeting gut microbiota has recently been applied in treatment of Crohn’s disease

(CD) and ulcerative colitis (UC). However, only a fraction of patients respond positively to this therapy. In this regard, it is

gaining popularity to study the combinations of approved medications and FMT to increase the effectiveness of therapy. Here

we present a pilot longitude project for the study of FMT application combined with the anti-inflammatory therapy in CD (n

= 8) and UC (n = 6) patients. Using the shotgun sequencing of stool samples (n = 56) we evaluated the temporal changes

in the taxonomic and functional structure of the patients’ metagenomes and donor-derived microbes engraftment due to the

FMT procedure. According to our analysis, the gut microbiota was changed both in CD and UC patients whereas reshaping

nature in experimental groups was differ. Only in the UC group the shift of gut microbiota composition towards donor and

the donor-derived microbes engraftment were more extensive in comparison with the CD group. Moreover, we observed that

beneficial and prevailing in human population microbes such as Faecalibacterium prausnitzii, Bifidobacterium adolescentis,

Eubacterium rectale, and others are the best colonizers. The difference in the microbial engraftment can be explained by

differences in the pathogenesis of CD and UC. On the other hand, mucosal and intestinal lumen conditions in the UC group

may have been better corrected due to the proposed treatment which allowed the donor microbes to colonize these patients

more successfully. In addition, the evolutionary formed ecological relationship between the gut microbiota and the host can be

linked with the FMT therapeutic effect.

Introduction

Inflammatory bowel diseases (IBD) including Crohn’s disease (CD) and ulcerative colitis (UC) are chronic diseases of the

gastrointestinal tract and affect about 15% of the world’s human population1. The pathophysiology of IBD is complex, and the

etiology remains unclear. In UC, inflammation is spread throughout the colon mucosa2, while in CD, inflammation can affect

any part of the gastrointestinal tract, but primarily the terminal ileum and colon3. Current concepts confess the critical role of

gut microbiota4. Moreover, microbial-based approaches have come to be viewed by the clinical community as promising novel

therapy strategies of IBD.

Currently fecal microbiota transplantation (FMT) has been approved as an alternative treatment Clostridioides difficile

infection (CDI). The efficacy of this method approaches 90% while maintaining a relatively high safety degree5. At the same

time, there is increasing evidence of a FMT therapeutic effect in IBD6, 7. However, despite the promising nature of the method,

FMT shows reduced efficiency in IBD in comparison with CDI. In this regard, it is gaining popularity to study of approved

therapy schemes and FMT combinations in order to increase the number of positive treatment outcomes8–11.

Here we present our experience with the use of FMT in combination with anti-inflammatory medications in the IBD patients

treatment. We assess the changes of the patient’s gut microbiota structure towards the donor and the healthy population in

the process of decreased disease activity. We also submit data on the identified differences in the nature of the patient’s gut

microbiota changes and donor-derived microbes engraftment in our experimental cohort, depending on the diagnosis.



Results

Treatment strategy and assessment of patient’s clinical conditions

CD and UC patients (n = 14) admitted to the gastroenterology department of Federal Research and Clinical center of Physical-

Chemical Medicine were included in the study. Based on the patient’s clinical surveys, the disease activity index was calculated:

HBI for CD patients, SCCAI for UC patients. For 7 CD patients, the disease activity index was HBI = 5.4 ± 0.8 while the

disease activity index was SCCAI = 6.7 ± 0.8 in the UC group. The CD5 patient’s condition was characterized by worse

general health, severe abdominal pain, loose stools with a frequency of > 20 times a day (HBI > 30).

In addition, laboratory parameters for C-reactive protein (CRP; CD = 4.5 ± 3.6 mg/L; UC = 6.0 ± 4.3 mg/L) and calprotectin

(CD = 70.4 ± 29.9 µg/L; UC = 246.3 ± 119.9 µg/L) were assessed on admission to the hospital. It should be noted that the

condition of 4 patients was complicated by extraintestinal manifestations such as arthritis (3 CD and 1 UC). 2 CD patients had

an intestinal surgery history. Based on the assessment of the clinical condition and actual clinical guidelines, a basic therapy

was prescribed (or corrected) for each patient, which included 5-ASA monotherapy (for 4 CD and 5 UC patients) or 5-ASA +

glucocorticoids combination (for 4 CD and 1 UC patients).

The donor fecal solution was infused into the jejunum using an endoscope according to described protocol (see Materials

and methods section). Non-pooled biological material obtained from 4 donors was used to treat both CD and UC patients.

However, fecal samples from 2 additional donors were used in the CD group only. According to medical indications, the

patients basic therapy after the FMT procedure has been adjusted: for UC3, glucocorticoids were added on day 5 after FMT;

for UC33, glucocorticoids were removed after FMT. The assessment of the patient’s overall clinical conditions, as well as the

disease activity indices calculation was performed on the 30th day after the FMT procedure.

Reduced disease activity for all patients included in the study has been detected: HBI 3.0 ± 3.0 (Wilcoxon rank sum test,

p < 0.001), SCCAI 1.7 ± 1.2 (Wilcoxon rank sum test, p < 0.05). For CD5 patients, HBI was a decrease from 38 to 10.

After the treatment, the values of CRP patient levels for CD and UC were 2.7 ± 2.0 and 5.5 ± 4.66 mg/L, respectively, as

well as calprotectin levels were 37.8 ± 15.2 and 79.6 ± 53.46 µg/L, respectively. There was a tendency for a decrease in

these laboratory parameters, however, only calprotectin in CD patients showed a statistical significant decrease (Wilcoxon

signed-rank test, p < 0.01) in comparison to pre-treatment state. Thus, the proposed treatment allowed steroid-free clinical

remission for 4 CD patients and 5 UC patients on the 30th day of observation while steroid-induced remission was achieved

only for 2 CD patients. It’s worth noting that only UC22 demonstrated increased disease activity after achieving clinical

remission during the further observations.

The summary clinical information about IBD patients included in the study was presented in Table 1. The study design

scheme is shown in Figure 1.

General changes in gut microbiota composition of patients due to FMT over time

Stool samples were received from 14 patients as well as from 6 donors. The patient’s samples were collected in the time series

format: before and within 1 month after FMT. However, not all patient stool samples were collected/sequenced at all 5 time

points due to organizational or technical problems. In total, 56 stool samples were collected: 24 for CD, 24 for UC, and 8 for

all donors. The experimental design scheme is presented in Figure 1A. The stool samples collecting scheme for each patient is

presented in Figure 1B.

Sequencing of the samples yielded 8.0 ± 5.7 mln of 125 bp paired preprocessed reads per sample. The summary data about

obtained stool metagenomes and sequencing statistics is presented in Supplementary Table S2. The MetaPhlAn3 method based

on unique clade-specific markers allowed us to identify 423 species belonging to 10 phylums in all patient metagenomes. The

MetaPhlAn3 species-level taxonomic profiles of metagenomes is presented in Supplementary Table S3. The top observed

phylums included Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, and unclassified Viruses. The

distribution of top observed phulums relative abundances across obtained metagenomes were presented in Figure 2A.

The NMDS bi-dimensional plot obtained by using Aitchison distance and species-levels taxonomic profiles of metagenomes

is presented in Figure 2B. It shows the clasterization of the stool taxonomic profiles by disease. Samples from the healthy

donors shifted to the left while CD patients samples to right. The UC samples have an intermediate position between healthy

donors and CD. Analysis of the variance using PERMANOVA revealed that the disease (CD, UC, or healthy donors) was

significantly linked to the taxonomic composition (R2 = 0.09, adj. p < 0.001, Aitchison distance, 10000 permutations).

Changes in microbial richness (alpha-diversity) of the patient stool metagenomes after FMT was not detected (see Figure

2C). Shannon index fluctuates within the healthy donors values range. In addition, the alpha-diversity value did not significantly

differ in healthy donors and pre-FMT patients (2.5 ± 0.4 in the healthy donors vs 2.4 ± 0.5 in the CD group and 2.5 ± 0.5 in

the UC group). However, a change in the microbial content after FMT was detected (Figure 2D; Spearman correlation p <

0.001 in both cases). Greater alterations are detected between the same patient samples than can be observed between the same

donor samples.
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General changes in gut microbiota composition of patients due to FMT over time in context of IBD patients

and healthy persons from human population

To identify the direction of microbial content changes, we analyzed the movement of a patient’s gut microbial compositions

over time in the context of 220 external metagenomes collected from healthy persons and IBD patients12. The taxonomic

profiles of additional metagenomes are presented in Supplementary Table S4. According to the analysis (see Figure 3A), the

healthy persons and donors are concentrated in the left side of the x-axis (describes more than 50% of the total variance)

while the IBD patients’ taxonomic profiles shifted to the right. It is worth noting that CD patients are shifted to the right more

pronounced in comparison with UC patients (similar to Figure 2B).

In addition, the directions of increasing abundance in respective microbial species were identified (see Figure 3B). Movement

to the right size of x-axis is associated with abnormal composition characterized by the increasing pro-inflammatory and

oral species including unknown Roseburia sp CAG 471, Enorma massiliensis, Rothia mucilaginosa et al. At the same time,

increasing of anti-inflammatory species and species commonly presented in human population such as Faecalibacterium

prausnitzii, Ruminococcus bromii, Bifidobacterium adolescentis and others associated with movement to the left-side of x-axis.

Thus, we will associate the aggravation of the abnormal gut microbiota composition with movement to the right along the

Figure 3A x-axis, while movement to the left will mean normalization (see Figure 3C). According to obtained results, 1 CD

patient (13%) and 4 UC patients (67%) showed a leftward shift in the x-axis over time. It is worth noting, only the UC group

demonstrated statistical significant movement (see Figure 3D, Spearman correlation p < 0.01). At the same time, normalization

of a gut microbial composition of IBD patients is associated with movement towards the donor (see Figure 3E). 2 CD (25%)

patients and 5 UC (83%) patients have been shown shift towards donor whereas statistically significant movement was detected

only for the UC group (see Figure 3F; Spearman correlation p < 0.01 for UC group).

It is worth noting that we were able to associate gut microbial content normalization with a decrease in disease activity only

in the UC group while CD patients, in general, showed a significant clinical improvement in the absence of movement to the

healthy-like composition.

Discovery of microbial biomarkers associated with changes in gut microbiota composition of patients due
to FMT and anti-inflammatory therapy

The Songbird approach was used for discovery of microbial biomarkers associated with changes in gut microbiota composition

of patients due to FMT and anti-inflammatory therapy. The results showed a log-fold change in features with respect to

sampling points. Further, the bacterial taxa are listed in decreasing order of log-fold changes.

According to the obtained results, the pro-inflammatory and oral microbial species including Veillonella parvula, Clostridium

innocuum, Veillonella atypica, Haemophilus parainfluenzae et other had a negative association with observed time in the CD

group while the butyrate-producing and generally healthy-associated microbes such as B. adolescentis, P. copri, Alistipes

finegoldii et other (excluding R. gnavus) are associated positively (see Figure 4A). Thus, we did not detect a continuous

movement of patient microbial profiles over time in the context of the log-ratios of present biomarkers (see Figure 4B; Spearman

correlation, p > 0.05). In the 2nd time point, the patient’s microbial profiles show a shift to the positively associated biomarkers

(Wilcoxon signed-rank test, p < 0.01), however in the 3rd and 4th time points returned to the pre-FMT state. It is clear that CD

patients show a short-term normalization of the microbiota. However, it is possible that the gut microenvironment of these

patients does not allow these positive changes to be long-term.

Also, the similar shift patterns of the UC patient taxonomic profiles were detected. The abnormal microbial content was

negatively associated with time points while the healthy-related content - positively (see Figure 4C). However, movement in the

log-ratios context of observed biomarkers shows clearly differences across the observation time (see Figure 4D; Spearman

correlation, p < 0.001). Thus, UC patients show temporal shifts between two microbial states.

The observed taxonomic changes were the cause of functional shifts in the UC group but not in the CD group. According

to our analysis, in the UC group, the 7 KEGG pathways were overrepresented after FMT in comparison with the pre-FMT

state. This list included ko01100: Metabolic pathways (adj. p < 0.01), ko01110: Biosynthesis of secondary metabolites

(adj. p < 0.01), ko01130: Biosynthesis of antibiotics (adj. p < 0.01), ko01230: Biosynthesis of amino acids (adj. p < 0.01),

ko00500: Starch and sucrose metabolism (adj. p < 0.01), ko02040: Flagellar assembly (adj. p < 0.01), ko00562: Inositol

phosphate metabolism (adj. p < 0.01). KEGG orthology groups distributions across obtained metagenomes are presented in

Supplementary Table S5.

Detection of donor-derived microbes in the post-FMT metagenomes of IBD patients

To study the contribution of the donor-derived bacteria to the changes described above in the taxonomic profiles of the patient’s

intestinal microbiota, the RECAST approach was used. This method is based on the metagenomic reads sorting process

per their origin in the recipient’s post-FMT stool metagenome. After the sorting process the resulting reads categories were

taxonomically annotated using the MetaPhlAn3 tool. The presence of the donor-derived microbes in the all metagenomes of
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each patient are shown in Figure 5A. Read counts of donor-derived microbial species found in the patient’s metagenomes using

RECAST software are presented in Supplementary Table S6.

Frequency of occurrence of donor-derived microbes in post-FMT recipient metagenomes were presented in Figure 5B. A

total, 67 donor-derived microbial species were identified that successfully colonized the intestines of IBD patients (9.25 ± 5.78

per CD patient; 20.00 ± 13.68 per UC patient). The list of top 10 microbes-colonizers included bacteria which distinguished in

the previously analysis as healthy-related such as F. prausnitzii (n samples = 20), B. adolescentis (n samples = 18), B. uniformis

(n samples = 17), Eubacterium rectale (n samples = 16), C. aerofaciens (n samples = 14), P. copri (n samples = 12), B. longum

(n samples = 12), B. vulgatus (n samples = 12), A. putredinis (n samples = 12), Bacteroides thetaiotaomicron (n samples = 11).

It is worth noting that F. prausnitzii, B. adolescentis, C. aerofaciens, and Eubacterium rectale are the most successful microbes

in the UC group (n samples = 12) while B. uniformis in the CD group (n samples = 9).

Other colonization differences in dependence on disease CD vs UC were also observed. A higher occurrence of donor-

derived microbial colonization regardless of the bacterial species was found (Fisher’s exact test, p < 0.001). Obvious

significance species-specific colonization patterns in dependence on disease were not found. Species colonizing UC patients

can colonize CD patients too, only at a lower frequency. Some bacteria have a decrease in colonization events in CD groups

for example C. aerofaciens (CD = 2; UC = 12) or A. hadrus (CD = 0; UC = 6) however such tendencies are not statistically

significant after applying Benjamini-Hochberg correction for multiple hypothesis testing. Interestingly, those UC patients

(UC3, UC8, UC15, UC22) stool samples with more donor-derived bacteria were found closest to the donor and to the healthy

population.

In addition, more donor-derived microbes occur per UC metagenomes in comparison with CD samples (see Figure 5C;

Wilcoxon rank-sum test, p < 0.05). The tendency to increase donor-derived reads in the UC group in comparison with the CD

group also were observed (see Figure 5D; Wilcoxon rank-sum test, p = 0.1).

According to analysis of variance using PERMANOVA the microbes-colonizers content are significantly associated with

donor and disease variables (R2 = 0.42, adj. p < 0.05; R2 = 0.13, adj. p < 0.05 respectively; Aitchison distance, 10000

permutations).

Discussion

The world scientific community is conducting extensive research of fecal microbiota transplantation (FMT) to study its

efficacy in treatment of the patients with a variety of disorders including inflammatory bowel diseases (IBD). However, despite

large-scale already implemented studies, the accumulation of additional experimental data and the use of new analysis methods

can be useful in identifying biological insights that may be important for a better understanding of the IBD pathogenesis nature

as well as the possible therapeutic effect of FMT.

FMT has enhanced efficacy in the treatment of recurrent Clostridioides difficile infection (CDI) which consist of around

90%5 whereas the FMT in IBD cases is less successful and around 20-40%6, 7. The efficacy of FMT therapy for IBD

can be enhanced through the development of clinical protocols based on combinations of FMT and inflammation control

medications8–10. In this study, we report about the experience of using FMT in conjunction with IBD common anti-inflammatory

therapy. According to monitoring of patients, we observed 75% (6/8) of clinical remissions ratio in the CD group and 83% in

the UC group (5/6) during observation time. A decrease in disease activity was observed for all patients included in this study.

There were no significant side effects associated with the procedure that could be distinguished from the IBD symptoms. Our

pilot study has demonstrated that FMT in conjunction with inflammatory control could be a good development in IBD modern

therapy. However, large-scale studies and extended cohorts are required to provide a clearer understanding of optimal treatment

protocols and its safety.

The study of changes in the microbiota composition of IBD patients following FMT procedure is also the object of close

study. One of the main criteria characterizing gut microbiota of healthy subjects is alpha-diversity, which describes the richness

of the microbial community. IBD patients usually show a decrease in this score compared to the healthy controls and increase

after FMT in comparison with pre-FMT state13–16. However, according to our results the patients’ gut microbiota alpha-diversity

has not increased after FMT and fluctuated on the healthy donors-like level during observation time. Moreover, there was no

difference between samples of healthy donors and patients before FMT. It is possible that the effect of alpha diversity increasing

depends on the initial patients’ clinical state, the feces aggregation state or other unidentified factors.

Changing the microbial profile to a healthy-like type may be a marker of decreasing disease activity12, 17, 18. In IBD

patients, there is a significant decrease in beneficial bacteria that are usually extensive abundant in healthy controls and an

increase in potentially opportunistic species12, 17–19. Some researchers suggest that the general microbial biomarker of IBD is

decreasing in F. prausnitzii and other SCFA-producing microbes20–23. F. prausnitzii has strong anti-inflammatory activity and

has been shown to reduce colitis symptoms in a variety of studies24–26. Thus, we evaluated the movement of the IBD patients

microbiota structure to donor samples and the healthy population after FMT procedure. We observed a shift towards donor and

healthy-related gut microbial profiles in the UC group but not in the CD group. Moreover, the change in the microbial content
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was associated with an increase in metabolic potential only in the UC group too. It is worth noting that the microbiome of the

CD patients has been changed, however, in a different way from the described above.

Another important point of analysis is to assess the possible contribution of the donor microbiota to changes in the microbial

profiles of patients. The movement towards the donor and even more the movement towards the healthy population cannot be

considered a clear marker of FMT-related microbial colonization. Thus, the engraftment of donor-derived microbial strains in

IBD patient’s post-FMT metagenomes were analyzed. The top five microbes which engraft recipients included F. prausnitzii, B.

adolescentis, B. uniformis, Eubacterium rectale, and C. aerofaciens. It is worth noting that F. prausnitzii, B. adolescentis, C.

aerofaciens, and E. rectale are the most successful in the UC group while B. uniformis in the CD group.

Interestingly, the best colonizers are defined as most associated with healthy conditions as well as described in literature

as the most beneficial bacteria. For example, in addition to F. prausnitzii which was described above, B. adolescentis also

have anti-inflammatory effects due to regulating Treg/Th2 response27. Besides many other successful microbes-colonizers,

three bifidobacteria species can be associated with strong beneficial composition of gut microbial community including

anti-inflammatory, anti-cancer and other helpful effects28–31. It has been shown that bifidobacteria interact with human immune

cells and modulate certain pathways, including innate and adaptive immune processes29.

According to the recent our "restructuring hypothesis", the more prevalent and competent microbes in the human population

("successful gut microbes") are forming a post-FMT recipient microbial profile32. Finding that these "successful gut microbes"

are the most beneficial (that could have happened under the influence of host-microbial co-evolution for increasing both

fitness), a possible explanation of the FMT therapeutic effect can be formulated: FMT improves the recipient’s gut microbiota

composition by selecting the most host-beneficial of the donor-derived and recipient-derived microbial diversity. Moreover,

FMT may transmit/restore the lost symbiotic bonds of healthy-related strains which can increase the summary beneficial

effect33. Improved in this manner gut microbiota can mediate to the broad spectrum of observed positive effects such as weight

loss34, response to cancer immunotherapy therapy35, 36, alopecia treatment37, anti-aging effects38 or others.

To support this process, "successful gut microbes" must be survive in the presence of host-produced microbial peptides32, 39.

Thus, resistance to intestinal colonization is formed due to the evolutionarily established symbiotic interaction: host forms

environmental conditions where "successful gut microbes" gain an advantage over opportunistic microorganisms. Continuing

this thought, dysbiosis in CD can be induced by exploiting this "evolution vulnerability". Paneth cells’ function may be

aggravated, which causes a decrease in the production of host-derived antimicrobial peptides40 (or production of altered

peptides to which “successful microbes” are sensitive). In other words, environmental conditions change where "successful

gut microbes" no longer gain an advantage and hence opportunistic microbes compete better with them. The number of

butyrate-producers is reduced, which leads to a decrease in the supply of enterocytes, mucosa degradation and as a result to

inflammation. In inflammation, some opportunistic microbes can gain even more benefit from the use of inflammation-related

resources and further increase inflammation through positive feedback41. Interestingly, the shift in the gut microbial balance

in UC may have a different mechanism that could be more likely to be corrected by anti-inflammation medications. Thus,

our observed disease-dependent microbial engraftment may reflect the difference in the molecular mechanisms of dysbiotic

conditions forming in IBD different types.

Conclusions

The presented study assessed the probable effect on the gut microbiota changes in CD and UC patients after undergoing

FMT together with basic anti-inflammatory therapy. There have been promising clinical results that may be useful for the

development of new treatment regimens for IBD. We note differences in the patients microbial profile changes, as well as a

decrease in colonization events in the CD group compared to UC. We assumed that the engraftment (by analogy with differences

in degradation degree of gut microbiota) can be explained by differences in the pathogenesis of CD and UC. It is also possible

that colonization characteristics can be considered as a marker of changes in conditions within the recipient’s intestine. In

addition, we observed that major butyrate-producers and other beneficial bacteria are the most successful colonizers. Perhaps,

the evolutionary formed ecological relationship between the gut microbiota and the host can be related to the therapeutic

mechanism of FMT.

Methods

Study design

This is a prospectively and retrospectively observational study evaluating patients (n=14, 10 males and 4 females, 37.1

± 13.7 y.o.) with ileal (n=7) or ileocolonic (n=1) Crohn’s disease (CD) and 6 ulcerative colitis (UC) since Jule, 2018

to September, 2019. All eligible subjects provided written informed consents before participation. All patients were ex-

amined and treated at the department of gastroenterology of Federal Research and Clinical center of Physical-Chemical

Medicine, Federal Medical and Biological Agency of Russia, Moscow, Russian Federation in accordance with relevant
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guidelines and regulations and Helsinki declaration. Disease symptom severity was assessed using the Harvey-Bradshaw

Index (HBI) for CD patients42 and Simple Clinical Colitis Activity Index (SCCAI) for UC patients43. Inclusion crite-

ria were: patients who were diagnosed as CD or UC by a combination of typical clinical symptoms, endoscopic, and

histological criteria; patients with active CD (HBI assessment) and UC (SCCAI assessment). Diagnostic criteria of CD

and UC cases was made according to actual guidelines [ECCO-ESGAR Guidelines, 2018, 2019 (www.ecco-ibd.eu/

publications/ecco-guidelines-science/published-ecco-guidelines.html)]. Summary data about

the patients included in the study are present in Supplementary Table S1.

Six patients were primarily diagnosed (5 CD, 1 UC). During hospitalization, the patients were prescribed (or ac-

cepted/corrected) basic therapy: 5-aminosalicylic acid (5-ASA) monotherapy or combination of 5-ASA and glucocorticoids

with doses consistent with the disease severity and according to actual clinical guidelines [ECCO-ESGAR Guidelines, 2018,

2019]. Patients were excluded if aged < 18 years, accompanied by other severe diseases, including other intestinal diseases,

e.g., C. difficile infection, malignant neoplasm, cardiopulmonary failure, and serious liver and kidney disease, and follow-up

less than 3 months.

The study design scheme is shown in Figure 1A.

Donor screening

Healthy persons (aged 22.0 ± 3.6 years, 2 males and 4 females) were selected as fecal donors. They received a usual, balanced,

European diet over the entire period of the study and were clinically evaluated according to a protocol recommended by

the European Consensus Conference on Faecal Microbiota Transplantation in Clinical Practice5. The donors were recruited

according to the following exclusion criteria: 1) family history of IBD or cancers; 2) infectious diseases; 3) metabolic syndrome;

4) arterial hypertension; 5) obesity; 6) diabetes mellitus; 7) antibacterial therapy in at least 6 month prior the study; 8) tattoo in

at least 6 month prior the study.

The selected donors have been in good health, before the fecal collection, being subjected to a routine medical checkup. No

dyspepsia or other stool abnormalities were reported within the last year. Routine clinical and laboratory examinations such as

clinical blood cell counts, biochemical blood analysis, evaluation of lymphocyte sub-populations, and urine analysis included

physical, chemical and microscopy of sediment analysis showed no abnormalities.

Donor blood was examined according to the following: (1) Syphilis; (2) hepatitis B and C; (3) parasites testing including

protozoa and helminths. Donor stool has been thoroughly examined: (1) testing for intestinal opportunistic microbial species;

(2) testing for antibiotic resistant bacteria such as MRSA, VRE, ESBL- and carbapenemase-producing Klebsiella pneumoniae

and Escherichia coli; (3) study of fecal calprotectin; (4) examination for C. difficile toxins A and B; (5) PCR testing for

enteropathogenic viruses: CMV, 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 testing including protozoa and helminths. Implemented

clinical testing didn’t show abnormalities.

Stool sampling and FMT procedure

For feces collected in an ambulance, the donor received 100 ml of a magnesium sulfate solution and within 1 - 1.5 hours the

defecation happens. Immediately after that, 150 ml of saline (0.9%) was added to the donor sample for every 30 g of feces and

mixed for uniform consistency. In the presence of solid undigested particles in the feces, the solution was filtered using a paper

filter. Glycerin is added to the solution to a final concentration of 10%. The final solution was poured into a plastic container

and frozen at -80 ◦C. All manipulations were performed during no more than 90 minutes from the donor defecation event. The

fecal solution was used within no more than 16 weeks from the date of freezing. Before the FMT, the solution was thawed at

room temperature for 4-5 hours, or in a water bath at +37 ◦C one hour before the procedure.

The 100 ml final donor fecal solution was infused into the jejunum using an endoscope. To expand the jejunum, carbon

dioxide insufflation was used. Additionally, it was useful for creating an anaerobic environment. The donor fecal solution was

drawn into a syringe; the syringe nozzle was placed in the mouth of the endoscope instrumental channel and slowly injected.

After the procedure, the endoscope was removed from the patient’s jejunum. Excess carbon dioxide was also removed. After

the endoscope removing, the patient was placed in Fowler’s position. Being in this position, the patient massaged his abdomen,

slowly turning from side to side at 30 min. These movements should help distribute the donor fecal solution in the patient’s gut.

FMT procedure was performed in conjunction with the basic therapy. Previously published results suggest that the use of

FMT may allow IBD patients to achieve steroid-free remission as well as improve patient response to steroids therapy6–10.

Collection of patients stool samples was performed in sterile plastic containers, both before FMT and at different time

points later on. Time points included 1) before FMT 2) 2 days after FMT 3) 7 days after FMT 4) 14 days after FMT 5) 30 days

after FMT. In total, 48 stool samples of patients (24 CD and 24 UC) were collected. Eight stool samples were collected from

donors.

The stool sampling schemes are shown in Figure 1B and 1C.
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DNA isolation and shotgun sequencing of stool samples

DNA isolation from stool samples was performed using a reagent set for nucleic acid isolation (MagNa Pure Compact

Nucleic Acid Isolation Kit I) (Roche) according to the manufacturer’s instruction. Further DNA was eluted in 50 µl of the

buffer supplied with the kit and stored at -18 ◦C. A total of 250 ng of genomic DNA was taken for shotgun sequencing

library preparation. After DNA sonication on Covaris S220 System (Covaris, Woburn, MA, USA), the size (400–500 bp)

and quality of fragmented samples were assessed on Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) according

to the manufacturer’s manual. NEBNext Ultra II DNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) was

used for pair-ended library preparation, and NEBNext Multiplex Oligos kit for Illumina (96 Index Primers, New England

Biolabs, Ipswich, MA, USA) was used for libraries’ indexing. The libraries were quantified by Quant-iT DNA Assay Kit,

High Sensitivity (Thermo Scientific, Waltham, MA, USA). DNA sequencing (2 × 125 bp) was performed on the HiSeq 2500

platform (Illumina, San Diego, CA, USA) according to the manufacturer’s recommendations.

Data analysis and visualization

Raw metagenomic data were quality assessed using FastQC [https://github.com/s-andrews/FastQC]. Technical

sequences and low-quality bases (Q<30) were trimmed with the Trimmomatic tool44. The human sequences from metagenomic

samples were removed by BBMAP45. Metagenomic taxonomic profiling was performed using MetaPhlAn346–48. For func-

tional analysis, HUMAnN249 and KEGG database (release 2020-03-09)50 were used. Described computational steps were

implemented in the Assnake metagenomics pipeline [https://github.com/ASSNAKE].

Aitchison distance51, 52 and non-metric multidimensional scaling (NMDS) were used for bi-dimensional visualization.

Additional visualization was performed using the DEICODE approach53 with add external metagenomes from IBD patients

and healthy subjects (n=220)12. The taxonomic profiles of external metagenomes were obtained using MetaPhlAn3. The

Songbird54 and Qurro55 approaches implemented in the QIIME2 framework56 were used to discover biomarkers significantly

discriminating against the experimental groups. To determine differences in relative abundance of KEGG pathways, the

gene set analysis (GSA) from piano Bioconductor package57 was used with the following parameters: GSA using "median

algorithm" with gene set significance threshold: adj. p < 0.05. KO rankings values (log2-fold changes) obtained using the

Songbird approach were used as GSA analysis input data. For detecting donor-derived microbes in the post-FMT recipient’s

metagenomes, the RECAST approach was used32.

Data visualization was performed using ggplot2 [https://ggplot2.tidyverse.org] and vegan58 libraries imple-

mented for GNU/R59.

Availability of data and materials

Raw metagenomic reads for 56 fecal samples from 14 IBD patients and 6 healthy donors sequenced by Illumina HiSeq 2500

are deposited in the NCBI Archive (project ID: PRJNA763503; Web-address: https://www.ncbi.nlm.nih.gov/

bioproject/763503). All additional data and intermediate metagenomic analysis results were attached to the article as

supplementary materials.
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Figures

Figure 1. Study design description (Created with BioRender.com). (A) Schematic visualization of a patient’s treatment

scheme. The different colors denote different diseases. (B) The longitudinal patient’s stool sampling scheme. The point of the

FMT procedure is marked with magenta color. (C) Personalizing stool sampling scheme for each patient. The different colors

denote different diseases. On the left is the patient IDs.

Figure 2. General changes in taxonomic composition of IBD patients stool metagenomes after fecal transplantation.

(A) Stacked bar plot showing the relative abundance of the top phyla identified in IBD patients’ stool metagenomes. The

50% confidence ellipses around the centroids for each group are shown. (B) Non-metric multidimensional scaling biplot

obtained using taxonomic profiles (species level) of patients’ metagenomes and Aitchison distance. Patient samples grouped

by disease and donors samples are shown at different points shapes. (C) Alpha-diversity score (Shannon index) of patient

metagenomic samples over time. Green area denotes Shannon index means ± sd across donors metagenomes. (D) Aitchison

distance evaluation between stool metagenomes of baseline and other recipient time points. Aitchison distances between paired

metagenomes received from the same donor show by dotted green lines.

Figure 3. General changes in taxonomic composition of IBD patients stool metagenomes after fecal transplanta-

tion in the context of donors or external IBD patients and healthy controls. (A) Non-metric multidimensional scaling

biplot obtained using taxonomic profiles (species level) of patients’ metagenomes and external metagenomes from IBD

patients and healthy subjects. Filled dots correspond to the IBD FMT patients, empty dots - external IBD patients and

healthy subjects metagenomes. Disease shows by different color dots. Aitchison distance used as a dissimilarity metric.

The 95% confidence ellipses around the centroids for each group are shown. (B) Microbial feature ranking in the context

of direction in the Axis1 space. The x-axis values correspond to the Figure 3A Axis 1 values. (C) Temporal changes of

IBD patients stool metagenomic profiles in the Figure 3A Axis 1 coordinate space. A decrease in the value corresponds to

an approach to a healthy population. (D) Combined graph of stool metagenomes taxonomic profiles of patients movement

in space coordinates of Figure 3A Axis 1. (E) Temporal changes of Aitchisons distances between recipients and donors

stool metagenomes taxonomic profiles. A decrease in the value corresponds to movement close towards the donor profile.

Aitchison distances between paired metagenomes received from the same donor show by dotted green lines. (F) Combined

graph of stool metagenomes taxonomic profiles of patients movements in the context of the respective donors taxonomic profiles.

Figure 4. Changes in patients’ stool metagenomes taxonomic composition over time points. (A,C) The Songbird

taxonomy differentials analysis via ’rank plots’. Y-axis shows microbial species, x-axis shows differentials, which describe the

log-fold change in features with respect to time points. (B,D) Qurro ’sample plots”describes feature log-ratios in the context of

feature rankings (presented in Figure 4A and Figure 4C). (A,B) - for CD group, (C,D) - for UC group.

Figure 5. Detection of donor-derived microbes engraftment in recipients metagenomes. (A) Donor-derived metage-

nomic reads per microbial species found in the post-FMT recipients metagenomes. (B) Distribution of the microbes-colonizers

by the number of detected engraftment cases. (C) Boxplots show differences between IBD patients groups by the number

of microbes-colonizers detected per patient’s post-FMT metagenomes. (D) Boxplots show differences between IBD patients

groups by the donor-derived reads numbers per patient’s post-FMT metagenomes.
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Indicator/Disease Crohn’s disease (CD) Ulcerative colitis (UC)

Gender 7 M; 1 F 3 M; 3 F

Age 41.9 ± 12.0 30.8 ± 14.2

Manifestation age 37.9 ± 11.0 29.2 ± 14.5

CD local 7 L1; 1 L3 -

CD phenotype 6 B1; 2 B2 -

UC disease extension - 2 E1; 4 E3

Additional complications 3 arthritis, 2 gut resection

(1 in small intestine and

1 in rectum)

1 arthritis

Medication history in the last 6 months 5-ASA (n=3), Antimicro-

bials (n=3), Antidepres-

sants (n=1), Probiotics

(n = 1), Glucocorticoids

(n=1)

5-ASA (n=4); 5-ASA +

Glucocorticoids (n=1)

Basic therapy 5-ASA (n=4); 5-ASA +

Glucocorticoids (n=4)

5-ASA (n=6)

Clinical remission ratio 6/8 (75%) 5/6 (83%)

Table 1. Summary information about IBD patients included in the study.
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Figures

Figure 1

Study design description (Created with BioRender.com). (A) Schematic visualization of a patient’s
treatment scheme. The different colors denote different diseases. (B) The longitudinal patient’s stool
sampling scheme. The point of the FMT procedure is marked with magenta color. (C) Personalizing stool
sampling scheme for each patient. The different colors denote different diseases. On the left is the
patient IDs.



Figure 2

General changes in taxonomic composition of IBD patients stool metagenomes after fecal
transplantation. (A) Stacked bar plot showing the relative abundance of the top phyla identi�ed in IBD
patients’ stool metagenomes. The 50% con�dence ellipses around the centroids for each group are
shown. (B) Non-metric multidimensional scaling biplot obtained using taxonomic pro�les (species level)
of patients’ metagenomes and Aitchison distance. Patient samples grouped by disease and donors
samples are shown at different points shapes. (C) Alpha-diversity score (Shannon index) of patient
metagenomic samples over time. Green area denotes Shannon index means ± sd across donors
metagenomes. (D) Aitchison distance evaluation between stool metagenomes of baseline and other
recipient time points. Aitchison distances between paired metagenomes received from the same donor
show by dotted green lines.



Figure 3

General changes in taxonomic composition of IBD patients stool metagenomes after fecal
transplantation in the context of donors or external IBD patients and healthy controls. (A) Non-metric
multidimensional scaling biplot obtained using taxonomic pro�les (species level) of patients’
metagenomes and external metagenomes from IBD patients and healthy subjects. Filled dots correspond
to the IBD FMT patients, empty dots - external IBD patients and healthy subjects metagenomes. Disease
shows by different color dots. Aitchison distance used as a dissimilarity metric. The 95% con�dence



ellipses around the centroids for each group are shown. (B) Microbial feature ranking in the context of
direction in the Axis1 space. The x-axis values correspond to the Figure 3A Axis 1 values. (C) Temporal
changes of IBD patients stool metagenomic pro�les in the Figure 3A Axis 1 coordinate space. A decrease
in the value corresponds to an approach to a healthy population. (D) Combined graph of stool
metagenomes taxonomic pro�les of patients movement in space coordinates of Figure 3A Axis 1. (E)
Temporal changes of Aitchisons distances between recipients and donors stool metagenomes taxonomic
pro�les. A decrease in the value corresponds to movement close towards the donor pro�le. Aitchison
distances between paired metagenomes received from the same donor show by dotted green lines. (F)
Combined graph of stool metagenomes taxonomic pro�les of patients movements in the context of the
respective donors taxonomic pro�les.

Figure 4



Changes in patients’ stool metagenomes taxonomic composition over time points. (A,C) The Songbird
taxonomy differentials analysis via ’rank plots’. Y-axis shows microbial species, x-axis shows
differentials, which describe the log-fold change in features with respect to time points. (B,D) Qurro
’sample plots”describes feature log-ratios in the context of feature rankings (presented in Figure 4A and
Figure 4C). (A,B) - for CD group, (C,D) - for UC group.

Figure 5



Detection of donor-derived microbes engraftment in recipients metagenomes. (A) Donor-derived
metagenomic reads per microbial species found in the post-FMT recipients metagenomes. (B)
Distribution of the microbes-colonizers by the number of detected engraftment cases. (C) Boxplots show
differences between IBD patients groups by the number of microbes-colonizers detected per patient’s
post-FMT metagenomes. (D) Boxplots show differences between IBD patients groups by the donor-
derived reads numbers per patient’s post-FMT metagenomes.
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