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Fecal microbiota transplantation alters gut ==
phage communities in a clinical trial for obesity
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Abstract

Background Fecal microbiota transplantation (FMT) is a therapeutic intervention used to treat diseases associated
with the gut microbiome. In the human gut microbiome, phages have been implicated in influencing human health,
with successful engraftment of donor phages correlated with FMT treatment efficacy. The impact that gastrointestinal
phages exert on human health has primarily been connected to their ability to modulate the bacterial communi-

ties in the gut. Nonetheless, how FMT affects recipients’ phage populations, and in turn, how this influences the gut
environment, is not yet fully understood. In this study, we investigated the effects of FMT on the phageome composi-
tion of participants within the Gut Bugs Trial (GBT), a double-blind, randomized, placebo-controlled trial that investi-
gated the efficacy of FMT in treating obesity and comorbidities in adolescents. Stool samples collected from donors
at the time of treatment and recipients at four time points (i.e., baseline and 6 weeks, 12 weeks, and 26 weeks post-
intervention), underwent shotgun metagenomic sequencing. Phage sequences were identified and characterized

in silico to examine evidence of phage engraftment and to assess the extent of FMT-induced alterations in the recipi-
ents' phageome composition.

Results Donor phages engrafted stably in recipients following FMT, composing a significant proportion of their
phageome for the entire course of the study (33.8+1.2% in females and 33.9+3.7% in males). Phage engraftment var-
ied between donors and donor engraftment efficacy was positively correlated with their phageome alpha diversity.
FMT caused a shift in recipients’' phageome toward the donors'composition and increased phageome alpha diversity
and variability over time.

Conclusions FMT significantly altered recipients’ phage and, overall, microbial populations. The increase in micro-
bial diversity and variability is consistent with a shift in microbial population dynamics. This proposes that phages
play a critical role in modulating the gut environment and suggests novel approaches to understanding the efficacy
of FMT in altering the recipient’s microbiome.

Trial registration The Gut Bugs Trial was registered with the Australian New Zealand Clinical Trials Registry (ACTR
N12615001351505). Trial protocol: the trial protocol is available at https://bmjopen.bmj.com/content/9/4/e026174.
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Introduction

Fecal microbiota transplantation (FMT) is a therapeutic
approach currently being investigated for the treatment
of numerous diseases associated with the gut micro-
biome, including recurrent Clostridium difficile infec-
tions (rCDI) [1], inflammatory bowel disease (IBD) [2],
and obesity [3]. The rationale behind FMT is to restore
a healthy gut environment through the engraftment of
gut microbes from a healthy donor. Although bacteria are
usually the focus of FMT studies, the contributing role of
gastrointestinal phages in the efficacy of FMT has been
gaining attention. The transfer and successful engraft-
ment of donor phages has been observed in FMT clini-
cal trials for the treatment of multiple diseases (i.e., CDI
[4], metabolic syndrome [5], and autism spectrum disor-
der [6]). Furthermore, a shift in the virome composition
of recipients toward that of the donor(s) was positively
correlated with FMT efficacy in CDI [4] and meta-
bolic syndrome [5]. Of note, fecal filtrate (FFT) or fecal
virome transplantation (FVT), namely the transplanta-
tion of fecal material from which bacterial cells have been
removed [7], proved effective in treating rCDI in humans
[8] in a manner comparable to the transplantation of the
whole gut microbiome [9]. FVT has also been used to
effectively treat necrotizing enterocolitis in piglets [10]
and decrease the symptoms of type 2 diabetes in mice
[11]. While other components, such as bacterial-free
DNA, vesicles, and metabolites, might be contributing to
the efficacy of FVT, phages are likely to play a major role
[7].

The impact that phages have on the environments they
inhabit is often correlated with their ability to modu-
late bacterial communities [12—15]. This modulation is
strictly dependent on the life cycle followed by the phages
(e.g., lytic or lysogenic), which can lead to different
modalities of interactions with the bacteria they infect
[16]. In the gastrointestinal tract, phage predatory activ-
ity has been suggested to affect human health, with both
detrimental and beneficial effects [17, 18]. Phage-medi-
ated lysis of bacterial cells has been suggested to contrib-
ute to gastrointestinal inflammation in IBD patients [17].
Conversely, the induction of temperate Klebsiella-infect-
ing phages has been associated with the depletion of mul-
tidrug-resistant Klebsiella spp in humans [18]. Despite
the potential for gut phages to affect human health, many
aspects of their importance in the gut microbiome and
EMT are yet to be fully characterized.

In the present study, we utilized previously published
metagenomic sequencing data [19] to characterize the
gut phageome composition of participants in an FMT
trial for adolescent obesity (the Gut Bugs Trial, GBT)
[20]. Specifically, we assessed the efficacy of FMT in
promoting donor phage engraftment and examined its
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effects on the resident phage population. The findings
were also analyzed in the context of the data previously
reported on bacterial populations in the GBT partici-
pants [19] to examine the impact of FMT on interactions
between phages and bacteria.

Methods.

The Gut Bugs Trial

The GBT was a double-blind, randomized, placebo-con-
trolled clinical trial designed to test the efficacy of FMT
in treating obesity-related conditions in adolescents [20,
21] (Fig. 1). Ethical approvals were obtained from the
Northern A Health and Disability Ethics Committee of
New Zealand (16/NTA/172).

Stool samples were collected from healthy lean donors
(BMI 22.7+1.9 kg/m? (SD), total body fat 18.4+3.2%
(SD)) aged between 19 and 27 years old [20]. The partici-
pants were 87 adolescents with obesity (age 14—19, BMI
30.2 +5.3 kg/m?); 51 females and 36 males [21].

The fecal microbiota transplantation was performed
as described previously [19]. Donor gut microbiota was
encapsulated in acid-resistant DR Caps = (Capsugel,
USA) capsules (0.25 g per capsule) after suspension in
a cryoprotective saline solution (0.5 ml 0.9% NaCl, 15%
glycerol). Placebo capsules were prepared with only the
cryoprotective saline solution. The participants were
given either FMT or placebo capsules following a bowel
cleanse and an overnight fast in a double-blind fashion.
The capsules were administered in a sex-specific manner
(males to males and females to females), and FMT recipi-
ents ingested 28 capsules in total (7 from each donor)
during the course of 2 days (16 the first day and 12 the
second day).

Metagenomic sequencing

Shotgun metagenomic sequencing was conducted as
described previously [19] on recipient stool samples col-
lected at 4 time points (baseline (before bowel cleans-
ing), 6, 12, and 26 weeks post-treatment), and donor
samples collected at each donation round. Sequencing
was performed using [llumina’s 150 bp paired-end read
technology, generating 23+3 million read pairs/sam-
ple (mean+SD). Raw sequencing reads were pre-pro-
cessed with KneadData (v0.7.4) [22] to trim and remove
low-quality reads and those mapping to the human
genome. Post-processed reads and accompanying meta-
data are available on NCBI's SRA database (BioProject
PRJNA637785).

Identification of viral contigs and construction of viral
operational taxonomic units

Contigs were assembled from post-processed reads using
the de novo assembler MegaHIT (v1.1.4) [23] under
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Fig. 1 Schematic representation of the Gut Bugs Trial. Whole stools were collected from 8 healthy lean donors (4 females and 4 males).

Following the first donation, a single male donor (DMO5) was replaced by another (DM12). Donor stool and saline solution were administered

in a double-blind manner to FMT (n=42) and placebo (n=45) recipients, respectively. Recipient stool samples were collected at baseline and at 6,
12,and 26 weeks post-intervention to investigate the effects of FMT on recipient microbial populations

default parameters. Putative viral contigs were identified
using a modified version of a Standard Operating Proce-
dure (SOP) proposed previously [24]. Briefly, the assem-
bled contigs were analyzed using VirSorter2 (v2.2.3), [23,
25] and subsequently analyzed using CheckV (v0.7.0)
[26, 27]. Contigs were considered putative viral contigs
if they contained at least one viral gene predicted by
CheckV or matched at least one of the following require-
ments: (1) no host genes, (2) VirSorter2 score>0.95, or
(3) three or more hallmark genes. Hallmark genes, identi-
fied by VirSorter2, are genes that are commonly associ-
ated with viral genomes [23]. Putative viral contigs were
considered false positives if the predicted number of host
genes was>4 or the ratio of host-to-viral genes (HVR)
was >0.386. The specific host genes and HVR cut-off val-
ues were chosen accordingly to the methods described
in Additional file 1. Putative viral contigs were thereafter
referred to as uncultivated virus genomes (UViGs) [28].
UViGs were clustered into vOTUs (viral operational
taxonomic unit) using a custom script according to
MIUVIG (Minimum Information about an Uncultivated
Virus Genome) standards (i.e., average nucleotide iden-
tity (ANI)>95% over alignment fraction (AF)>85% of
the smaller contig [28]). The ANI and AF were calculated
with FastANI (v1.33) [29], using the protocol adapted
from Kauffman et al. [30] to meet the MIUViG standards.
The longest UViG in each vOTU was used as the repre-
sentative of that vOTU. All the UViGs clustering with
the vOTU-representative UViG were considered as part
of the vOTU. Only the vOTUs represented by a UViG

with completeness >90% (i.e., representing a high-qual-
ity draft genome [28]) were used in downstream analy-
ses to maximize the prediction accuracy of the software
employed. The metadata requested by MIUVIG stand-
ards for the vOTU-representative UViGs is reported
(Additional Table S1) and is publicly available on Figshare
(https://doi.org/https://doi.org/10.17608/k6.auckland.
24654891).

Identification of clonal UViGs and engrafted phages

Two UViGs belonging to the same vOTU were consid-
ered clones based on sequence similarities (ANI>99.4%
over AF >85%). The specific ANI and AF cut-off values
were chosen according to the methods described in Addi-
tional file 1. A donor phage was considered engrafted
whenever a clonal UViG could be identified in a recipient
following (and not prior) the transplantation (i.e., from
6 weeks forward).

UViGs characterization

For each UViG, taxonomy, host specificity, and life-
style were analyzed. UViGs taxonomy was determined
using vContact2 (v0.9.19) [31, 32]. Additionally, Hidden
Markov Models (HMM) profile similarities with the viral
orthologous gene database ViPhOGs (29/06/2021) [33]
were employed to further determine the taxonomy of
the UViGs, as described previously [34]. Host specificity
was predicted with VirHostMatcher-Net (v1.0) [35] using
the in-built Human Microbiome Project list of bacterial
genomes, retaining only the first hit [36]. UViGs lifestyle
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(i.e., virulent or temperate) was predicted using Bacphlip
(v1.0) with default parameters [37, 38].

UViGs relative abundance and individual phageome
composition

Open reading frames (ORFs) were initially predicted
using Prodigal (v2.6.3) [39], and clustered using CD-HIT
(v4.6.6) [40] at 95% nucleotide identity over 85% of the
alignment fraction (cd-hit -¢ 0.95 -n 5 -aS 0.85 -M 6000),
to produce a non-redundant gene catalog. Lastly, gene
cluster abundance was estimated by aligning the quality-
controlled sequencing reads against the cluster centroids,
using Burrows-Wheeler Aligner (v0.7.17) [41] with the
BWA-MEM algorithm (bwa mem) using a custom script.
The number of reads clustering against each gene cluster
centroid was calculated and normalized by gene length,
obtaining the Reads Per Kilobase (RPK) value. Gene
RPK values were normalized by the total number of RPK
sequenced from each individual (to account for differ-
ent sequencing depths) and multiplied by 1,000,000 to
obtain the measure of copies per million (CPM). UViGs
relative abundances were estimated by calculating the
median CPM value across all genes present on the UViG.
vOTU relative abundances were calculated by summing
the abundances of all clustering UViGs specific to that
vOTU for each sample. The proportion of total reads
aligned against the non-redundant catalog of viral genes
was estimated using the flagstat command from SAM-
tools (v1.10) [42].

Phageome composition was based on vOTUs rela-
tive abundance profiles. The Shannon Diversity Index
was used to estimate the alpha diversity of vOTU pro-
files using the ‘diversity()’ function from the vegan pack-
age (¥2.6.2) [43] in R (v4.0.3). Bray—Curtis dissimilarities
between vOTU profiles, where zero indicates identical
profiles and one completely different profile, were used as
a beta diversity metric and were calculated using vegan’s
‘vegdist()’ function.

Statistical analyses
Statistical analyses were performed in R (v4.0.3). The
p values were adjusted using the false discovery rate
(FDR) correction whenever multiple comparisons were
performed.

The methods are described in more detail in Additional
file 1.

Results

A total of 25,805 vOTUS were obtained from the full
dataset (381 samples), and 6.8% of these (n=1761)
were represented by UViGs with predicted complete-
ness > 90% and were used for the analysis. The Illumina
sequencing produced on average 22.5 + 2.9 million reads
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per sample, 17.96 + 3.32% of which mapped against the
UViGs (Additional file 2, Additional Figure S4).

282 donor phages engrafted in the recipients

following FMT

To evaluate the efficacy of FMT in promoting the
engraftment of donor phages, the sequence similari-
ties between donor and recipient UViGs were assessed.
Two hundred eighty-two unique vOTUs were predicted
to have been engrafted across a total of 999 engraft-
ment events (Fig. 2a).

Engraftment efficacy, defined as the proportion of
donor vOTUs that engrafted relative to the total num-
ber of vOTUs identified in the donor, differed between
donors. (Pearson’s chi-squared (y%) test, p=1.5¢7%).
The majority of the engrafted vOTUs were donated
by female donors (n=192, 68.1%), specifically DF14
and DF16, which donated 44 and 101 unique vOTUs,
respectively (Fig. 2a). With respect to the male donors,
the majority of the vOTUs were donated by donor
DMO7, with 43 unique vOTUs out of a total of 110
(40.9%). It is important to note that for 20 engrafted
vOTUs, it was not possible to determine which donor
they originated from, as they were identified in multi-
ple donors. As a result, these vOTUs were considered
as if donated by multiple donors. DF16 had significantly
higher engraftment efficacy compared to other donors
(post hoc analysis, p=1.8e~®). In contrast, DM12 had
the lowest engraftment efficacy of the donors (post hoc
analysis, p=4.2e”%). Despite inter-donor differences,
the majority of the total number of unique vOTUs
identified across all the donors were engrafted (63%,
282 out of 451).

Successful engraftment of phages was related to the
donor’s phageome alpha diversity (Fig. 2b), with the
most diverse donors (i.e., DF14, DF16, and DM07) con-
tributing the most engrafted vOTUs (Pearson correla-
tion, p=0.03) (Fig. 2¢).

Engrafted vOTUs did not differ significantly from
the non-engrafted vOTUs with respect to taxonomy,
host specificity, lifestyle, and relative abundance (Addi-
tional file 2). However, a bacterial host could be pre-
dicted more frequently for the engrafted vOTUs than
non-engrafted vOTUs (post hoc analysis on x* test,
p=1.3e7%). The higher frequency of host predictions for
engrafted phage could indicate that these vOTUs are
commonly identified in the human gut microbiome and
have, therefore, a higher representation in databases.
These observations suggest that the engraftment effi-
cacy of a phage was not dependent on specific phage
characteristics but rather influenced by donors’ gut
microbial diversity.
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Fig. 2 Donor phage engraftment was associated with phageome alpha diversity. a Donors differed in the number of engrafted vOTUs donated
and in engraftment efficacy. b Donors differed in phageome alpha diversity (Shannon diversity). Each dot represents a different donation. ¢ Positive
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The phageome composition of the recipients converged
toward specific donor profiles

To identify shifts in phageome composition following FMT,
we next compared recipients’ phageome to individual
donor profiles by measuring Bray—Curtis dissimilarities
(Fig. 3). We identified convergence in female FMT recipi-
ents towards donor DF16’s phageome, and to a lesser extent
DF14. Male FMT recipients exhibited compositional shifts
towards DMO7 and, to a lesser extent, DM03 and DM08
phageomes. These compositional shifts were specific to
EMT recipients and were not detected in the placebo group
(Fig. 3). As expected, the donors toward which the recipi-
ents’ phageome shifted the most were the same donors that
contributed the most engrafted vOT Us (Figs. 2a and 3).

Donor-engrafted vOTUs are retained within the recipient’s
gut long-term

Following engraftment, the number of vOTUs shared
between the FMT recipients and donors was significantly

increased from baseline (y* test, p<2.2e71%) at all post-

FMT time points in both females and males (Fig. 4a).

By comparison, the proportion of donor-matching
vOTUs within placebo recipient microbiomes remained
unchanged throughout the study period and was signifi-
cantly lower than that observed in the FMT group post-
treatment (y” test, p < 2.2e %) (Fig. 4b). Collectively, these
results indicate that FMT resulted in successful engraft-
ment of donor phages within its recipients.

Acquisition of novel vOTUs that did not match donor
or recipient vOTUs at baseline remained consistent
throughout the course of the study in both treatment
groups (FMT recipients: 50+1 in females and 46+0.6
in males; placebo recipients: 45.1+1.6 in females and
44.4+2.2 in males) (Fig. 4). The proportion of novel
vOTUs was higher in FMT recipients at all time points (y*
test, FDR correction, 6 weeks g=0.04, 12 weeks g=0.04,
26 weeks ¢=0.04). The phageome fraction composed of
novel vOTUs exhibited a significantly higher variability



Zuppi et al. Microbiome (2024) 12:122 Page 6 of 12
| Females Males |
[ DF12 /[ DF14 [ DF16 pmo3 [ pmos |[ bmo7 |[ Dmos |[ DmI12 |
* —
1.0{ eoge o
*kk
w 0.8 o3s] fead [rod]
9] o 029 0% © i
= i =<
507 5
=
€ 0.6
R
2
= 0.5
[77) —
= 1.0 ? wee ¥ R °
= .
Q09 , %% o .
> o KIS K
M . F 4 b 5
0.7 ° P =3
b o
0.6 °
S 0.05 **xq<0.01 ***q<0.001 #****q<0.0001
< S < S S < & < < S & S A& A& S & < S &
P F ¢ FFF FFFF FPFFF FPEFF FFFF P FF $FFFF S
& &F S & & &S REMFCR & &S LA L@ LG L EE W O
F P Feo N TN T PV FeVA TR TN AP

Time points

Fig. 3 FMT recipients' phageome composition shifted towards donor profiles. Bray—Curtis dissimilarities between donor and recipient vOTU
profiles, stratified by sex-matched donors and time point. Significant shifts towards individual donor profiles were assessed using linear
mixed-effects models (LMM) including a treatment by time point interaction (fixed effect) and subject ID (random effect). The p values were
collectively adjusted using the FDR correction, and only statistically significant differences (i.e, g <0.05) were reported

compared to the fraction of vOTUs conserved from base-
line and shared with the donors (Additional file 2). This
pattern was consistent in both FMT and placebo recipi-
ents. The variability was defined as the shift in phageome
composition (Bray—Curtis dissimilarities) from 6 weeks
at subsequent time points within individuals.

FMT increased the variability and diversity of recipient gut
phageomes

The higher proportion of novel vOTUs acquired by FMT
recipients at each time point suggested that the trans-
plantation led to an increase in variability in the phage-
ome composition of its recipients. Alongside the acute
shift from the baseline phageome composition, a contin-
uous shift could also be observed in FMT recipients post-
transplantation. Specifically, at 12 weeks following the
transplantation, the phage populations exhibited signifi-
cantly higher variability in composition in female FMT
recipients compared to placebo (Fig. 5a).

This higher variability was defined as the phageome
beta diversity (Bray—Curtis dissimilarities on vOTU com-
position) at subsequent time points (i.e., 12 weeks and
26 weeks) from the first time point post-transplantation
in which stool samples were collected (i.e., 6 weeks).

Further illustrating the increase in variability in
phageome composition, the vOTUs identified in FMT
recipients were overall less stable over time compared to

placebo (Fig. 5b). Specifically, FMT recipients exhibited
a higher proportion of vOTUs that could only be identi-
fied at one time point, compared to placebo. Conversely,
placebo individuals had a higher proportion of vOTUs
that could be identified at multiple time points. This dif-
ference was significant in both female (y* test, p=3.8¢™°)
and male (y* test, p=4.2e°) individuals (Fig. 5b).

Female FMT recipients exhibited an increase in
phageome alpha diversity post-transplantation that was
significantly higher than the one exhibited by placebo
recipients (LMM, FDR correction, 6 weeks g=0.005,
12 weeks ¢=0.029, 26 weeks ¢=0.005) (Fig. 5c). By
contrast, phageome alpha diversity in the males did not
change over the study period.

FMT recipients exhibited an increase in the total
abundance of temperate phages

EMT recipients exhibited an increase in the total abun-
dance of temperate phages post-transplantation, which
was significantly higher than placebo recipients at
26 weeks (LMM, FDR correction, females ¢=0.048, males
g=3.66e"") (Fig. 6a).

A similar trend could be observed at earlier time points
(i.e., 6 and 12 weeks) in both females and males, although
did not reach statistical significance (g=0.107).

Conversely, the total abundance of virulent phages
did not change post-treatment and was not statistically
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Fig. 4 FMT and placebo recipients had distinct phageome compositions. The phageome compositions of a FMT and b placebo recipients
were categorized according to the origin of the vOTUs: (1) vOTUs shared with the donors (i.e,, shared with donors); (2) vOTUs that were initially
identified at baseline within the FMT or placebo recipients (i.e., conserved from baseline), (3) vOTUs that were identified at time points subsequent

to the transplantation in FMT or placebo recipients (i.e., novel)

different between treatment groups (LMM, FDR correc-
tion, g >0.05) (Fig. 6b).

Discussion
Transplantation of fecal microbiota from multiple lean
donors altered the recipients’ phageome composition.
Donor-derived phages comprised a considerable propor-
tion of the recipient phageome following transplanta-
tion. Despite FMT recipients receiving an equal dose of
capsules from the same set of four donors, higher levels
of phage engraftment were seen for donors with higher
phage diversity. FMT was also shown to promote phage-
ome variability and diversity.

The Gut Bugs Trial was a multi-donor fecal trans-
plantation clinical trial stratified by sex, in which the

stool samples of multiple donors (i.e., four females and
five males) were pooled together to create the capsules
given to the recipients. Analysis of the bacteriome of
the participants in the GBT revealed that FMT donors
differed in engraftment efficacy and that the microbi-
ome composition of the recipients shifted toward one
of specific donors [19]. A similar observation could
also be made in the phageome, as female donors DF14
and DF16 had the highest impact on the phageome of
female recipients. The phageome composition of male
recipients shifted primarily toward the composition of
DMO07, although a significant shift toward DMO03 and
DMO08 was observed at 6 weeks. The high engraftment
efficacy of DF16 could also explain the sex-specific dif-
ferences observed in the efficacy of FMT in altering the
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Fig. 5 Increase in phageome variability and alpha diversity in FMT recipients post-transplantation. a Bray—Curtis dissimilarities between participants’
week 6 phageome and phageomes from subsequent follow-up time points. Comparisons between treatment groups were performed using
Wilcoxon rank sum tests with FDR correction. b vOTUs identified in FMT recipients were less stable than the vOTUs identified in placebo

individuals. Inter-group differences were assessed using Pearson’s chi-squared tests. To determine which variables contributed to the overall
inter-group differences, a post hoc analysis was performed, and the p values were adjusted using the FDR correction. ¢ Female FMT recipients
exhibited an increase in phageome alpha diversity at 6 weeks following the transplantation. The differences in variation in alpha diversity post-FMT
between FMT and placebo recipients were assessed using linear mixed-effects models. The p values were collectively adjusted using the FDR
correction, and only statistically significant differences (i.e.,, g <0.05) were reported
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within sexes. Only statistically significant differences (*q <0.05, ***q <0.001) were reported

recipient microbial populations [19]. Consistent with
what was observed in the bacterial component [19],
the engraftment efficacy of a donor was positively cor-
related with its microbial alpha diversity. A high diver-
sity of microbes invading a new environment likely
increases the probability of these finding niches to
colonize. We observed 20 vOTUs that were identified
in multiple donors and engrafted in FMT recipients.
Speculatively, these vOTUs might be preferentially
selected and engrafted through gene and single nucle-
otide polymorphism level adaptations. Future studies

could fruitfully investigate the adaptation and evolution
of such shared vOTUs.

The importance of the donor’s microbiome composi-
tion in microbial engraftment in FMT is currently under
debate [44—47]. Two meta-analyses did not identify any
significant correlation between the donor’s microbiome
composition and microbial engraftment efficacy in FMT,
reporting that this was prevalently connected to the
recipient’s microbiome composition and microbial com-
positional similarities between donors and recipients at
baseline [44, 45]. In contrast, other studies have reported
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a positive correlation between the donor’s microbiome
alpha diversity and engraftment efficacy [46, 47]. The
importance of the donor’s microbiome in determining
microbial engraftment appears to be connected to the
state of the recipient’s microbiome prior to transplanta-
tion—a high alpha diversity in the microbiome of FMT
recipients has been negatively correlated with microbial
engraftment [46]. Furthermore, antibiotic treatment of
recipients prior to the transplantation led to a higher
proportion of donor phages engrafting [44]. Consistent
with this, the participants in the GBT underwent bowel
cleansing prior to the transplantation [21], which may
have been a contributing factor to the donor-dependent
engraftment efficacy observed in this study by reducing
recipients’ microbial load [48].

Despite the phageome of both FMT and placebo recipi-
ents being subjected to variation in time, the phageome
of female FMT recipients exhibited a higher variability
compared to the placebo group. Similar trends were also
observed in male recipients. This variability was further
exemplified by the lower stability of the vOTUs identified
in FMT recipients, as the recipient’s vOTUs could be less
frequently identified at multiple time points compared to
the placebo’s vOTUs. Consistent with this, the phageome
of FMT recipients was composed of a higher proportion
of novel vOTUs compared to the placebo group. Remark-
ably, a similar increase in variability could also be observed
in the bacterial component of FMT recipients analyzed at a
species level [19], in which a higher proportion of novel spe-
cies could be identified at all time points. As suggested by
Wilson et al,, this increase in variability could be either the
result of (1) a higher fluctuation in strain abundance above
and below the detection threshold, (2) a significant altera-
tion in the gut microbiome that facilitates the acquisition of
environmental strains, or (3) a combination of both [19].

In addition to this, an increase in alpha diversity could
be observed in both the phage and bacterial populations
of female FMT recipients. The increase in variability and
diversity exhibited by both phage and bacterial populations
in FMT recipients is consistent with a change in the preva-
lent population dynamic between them. Specifically, it sug-
gests a shift from a prevalent Piggyback-the-Winner (PtW)
or Arms-race dynamic (ARD) (ie., low variability and
diversity of microbial populations) to a Fluctuating-selec-
tion (FSD) or Kill-the-Winner dynamic (KtW) (ie., high
variability and diversity of microbial populations) [49]. PtW
dynamic is considered the dominant population dynamic
in the lumen of the gastrointestinal tract of humans [50]. It
is the result of the mutualistic interaction between phages
and bacteria, which occurs during the phage’s lysogenic
cycle. The other dynamics reported above are driven by the
predator—prey interaction between phages and bacteria,
which stems from the phage reproductive lytic cycle.
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FMT-mediated alteration of microbial population
dynamics has previously been observed by Liu et al. [18],
who found that higher abundances of Klebsiella-infecting
phages following FMT was associated with a decrease in
the abundance of Klebsiella spp. The authors suggested
that this shift was due to FMT-promoted changes in the
population dynamics between Klebsiella spp and the
infecting phages, which led toward a dynamic character-
ized by an active phages reproductive cycle, i.e., Kill-the-
Winner dynamic [18, 51].

Interestingly, FMT recipients exhibited an increase in
the abundance of temperate phages following the trans-
plantation, which could not be observed in virulent phages
or in the placebo group. Consistent with what was pro-
posed previously by Liu et al. [18], the increase in the
abundance of temperate phages could have been the result
of their switch from the dormant lysogenic cycle to the
reproductive lytic cycle. Nonetheless, the analyses were
performed using metagenomic samples prepared from
the whole stool, and free-living phages could not be dis-
tinguished from dormant integrated ones. Moreover, only
a small percentage of phages could be associated with a
bacterial host (Additional file 2, Additional Figure S3), and
the direct effects of phage predation on their bacterial host
could not be assessed in this analysis. Further research is
therefore needed to ascertain the role of FMT in influenc-
ing the life cycle followed by temperate phages.

It is important to note that out of the 25,805 total
vOTUs identified in the Gut Bugs Trial, 93.2% were rep-
resented by UViGs with either low or medium quality,
and could, therefore, not be used in the analysis. This
represents an ongoing challenge with gut phageome anal-
ysis, as the majority of the gut phageome, usually referred
to as “viral dark matter’, remains uncharacterized [52].
Using a higher sequencing depth (e.g., 100 million reads
per sample) or complementing bulk metagenomic analy-
sis with viral-like particle enrichment could improve the
characterization of less abundant phages.

The potential influence of FMT in altering microbial
interactions provides novel insights into understanding
its effects on recipients’ microbial populations and the
gastrointestinal tract at large. Furthermore, it highlights
the pivotal role of phages in the gut ecosystem and the
importance of including their analysis in future studies
on FMT and the gut microbiome.

Conclusions

In the Gut Bugs Trial, FMT promoted stable changes in
the phageome composition of its recipients, which were
conserved throughout the study. Upon receiving equal
amounts of stool from different donors, the phageome of
FMT recipients shifted toward the composition of the
donors with the highest phageome alpha diversity. Despite
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the importance of donor microbial composition in promot-
ing microbial engraftment currently being under debate,
these results suggest that a higher microbial diversity was
coupled with a more successful engraftment. The selection
of donors with high microbial diversity could, therefore,
be an important factor in improving the effectiveness of
EMT in altering recipient microbial populations. Finally,
EMT promoted an increase in the variability and diversity
of both phage and bacterial populations, consistent with an
alteration in microbial population dynamics.

Abbreviations

AF Alignment fraction

ANI Average nucleotide identity
ARD Arms-race dynamic

BMI Body mass index

CDI Clostridium difficile infection
CPM Copies per million

DF Female donor

DM Male donor

FDR False discovery rate

FFT Fecal filtrate transplantation
FMT Fecal microbiota transplantation
FSD Fluctuating selection dynamic
FVT Fecal virome transplantation
GBT Gut Bugs Trial

HMM Hidden Markov models

HVR Host-to-viral genes ratio

IBD Inflammatory bowel diseases
Ktw Kill-the-winner

LMM Linear mixed-effects models

MIUVIG  Minimum information about an uncultivated virus genome
ORF Open reading frame

PtW Piggyback-the-winner

rCDI Recurrent Clostridium difficile infection
RPK Reads per kilobase

SOP Standard operating procedure

uviG Uncultivated virus genome

vOTU Viral operational taxonomic unit

X Pearson'’s chi-squared

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-024-01833-w.

Additional file 1. Additional methods. In this file are reported the detailed
methods used in this study: 1) Identification of putative viral contigs and
production of Uncultivated Virus Genomes (UViGs); 2) Removal of false
positive putative viral contigs; 3) Identification of clonal UViGs; 4) UViGs
characterization; 5) Statistical analyses.

Additional file 2. Additional results. In this file are reported additional
results that were mentioned in the main text: 1) Output of the phage
identification workflow; 2) Analysis of the engrafted vOTUs; 3) The gut
phageome comprised of a stable and a fluctuating component.

Additional file 3. Additional Table S1. Table reporting the metadata
requested by MIUVIG standards for the description of UViGs. In the first
page are reported the MIUVIG guidelines for the required metadata. In

the second page are reported the metadata of the UViGs obtained in this
study. In the following pages are reported the metadata of each vOTU-
representative UVIiG analized in this study: 1) UViG name; 2) VirSorter2
score; 3) Predicted genome type; 4) whether it was identified as provirus
or not by CheckV; 4) CheckV quality; 5) Completeness (%); 6) MIUVIG qual-
ity; 7) Approach used by CheckV to determine completeness; 8) Taxonomy
(Family); 9) Host specificity (Phylum); 10) Host specificity (Species).

Page 11 of 12

Acknowledgements
We would like to thank all the participants of the Gut Bugs Trial.

Authors’ contributions

BCW processed the samples for metagenomic sequencing and performed
contigs assembly. MZ analyzed the metagenomic data with critical input from
TV, BCW, EG, TP, MHV, and JOS. MZ wrote the manuscript which was edited

by TV, BCW, EG, MHV, and JOS. WSC and JOS established and co-ran the Gut
Bugs Trial. All authors read and approved the final manuscript. TV and JOS
supervised the work.

Funding

The Gut Bugs Trial was funded by the Rockfield Trust. MZ and TV were
supported by the Marsden Fund Fast-Start Grant MFP-UOA1901. MZ was sup-
ported by a University of Auckland scholarship.

Availability of data and materials
Post-processed reads and accompanying metadata are available on NCBI's
SRA database (BioProject PRINA637785).

Declarations

Ethics approval and consent to participate

This study was approved by the Northern A Health and Disability Ethics Com-
mittee of New Zealand on 8th November 2016 (16/NTA/172). All participants
(donors and recipients) provided informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Liggins Institute, The University of Auckland, Auckland, New Zealand. ?Insti-
tute of Biotechnology, Helsinki Institute of Life Science, University of Helsinki,
Helsinki, Finland. *Research Program for Clinical and Molecular Metabolism,
Faculty of Medicine, University of Helsinki, Helsinki, Finland. “Broad Institute
of MIT and Harvard, Cambridge, MA, USA. °A Better Start - National Science
Challenge, University of Auckland, Auckland, New Zealand. ®The Maurice
Wilkins Centre, The University of Auckland, Auckland, New Zealand. ”MRC
Lifecourse Epidemiology Unit, University of Southampton, Southampton, UK.
8Australian Parkinson's Mission, Garvan Institute of Medical Research, Sydney,
NSW, Australia. >A*STAR Singapore Institute for Clinical Sciences, Singapore,
Singapore. '°Garvan Institute of Medical Research, Sydney, NSW, Australia.

Received: 21 January 2024 Accepted: 8 May 2024
Published online: 06 July 2024

References

1. Yadegar A, Pakpoor S, Ibrahim FF, Nabavi-Rad A, Cook L, Walter J, et al.
Beneficial effects of fecal microbiota transplantation in recurrent
Clostridioides difficile infection. Cell Host Microbe. 2023;31:695-711.

2. Mullish BH, Tohumcu E, Porcari S, Fiorani M, Di Tommaso N, Gasbarrini A,
et al. The role of faecal microbiota transplantation in chronic noncommu-
nicable disorders. J Autoimmun. 2023;141:103034.

3. MocanuV, Zhang Z, Deehan EC, Kao DH, Hotte N, Karmali S, et al. Fecal
microbial transplantation and fiber supplementation in patients with
severe obesity and metabolic syndrome: a randomized double-blind,
placebo-controlled phase 2 trial. Nat Med. 2021;27:1272-9.

4. ZuoT,Wong SH, Lam K, Lui R, Cheung K, Tang W, et al. Bacteriophage
transfer during faecal microbiota transplantation in Clostridium difficile
infection is associated with treatment outcome. Gut. 2018;67:634-43.

5. Manrique P, Zhu Y, van der Oost J, Herrema H, Nieuwdorp M, de Vos WM,
et al. Gut bacteriophage dynamics during fecal microbial transplantation
in subjects with metabolic syndrome. Gut Microbes. 2021;13:1-15.


https://doi.org/10.1186/s40168-024-01833-w
https://doi.org/10.1186/s40168-024-01833-w

Zuppi et al. Microbiome

20.

21

22.

23.

24.

25.

26.

27.

28.

(2024) 12:122

Kang D-W, Adams JB, Gregory AC, Borody T, Chittick L, Fasano A, et al.
Microbiota transfer therapy alters gut ecosystem and improves gas-
trointestinal and autism symptoms: an open-label study. Microbiome.
2017;5:10.

Rasmussen TS, Koefoed AK, Jakobsen RR, Deng L, Castro-Mejia JL, Brunse
A, et al. Bacteriophage-mediated manipulation of the gut microbiome -
promises and presents limitations. FEMS Microbiol Rev. 2020;44:507-21.
Ott SJ, Waetzig GH, Rehman A, Moltzau-Anderson J, Bharti R, Grasis JA,

et al. Efficacy of sterile fecal filtrate transfer for treating patients with
Clostridium difficile infection. Gastroenterology. 2017;152:799-811.e7.
Kao DH, Roach B, Walter J. Effect of lyophilized sterile fecal filtrate vs
lyophilized donor stool on recurrent Clostridium difficile infection (RCDI):
preliminary results from a randomized, double-blind. J Can Assoc Gastro-
enterol. 2019;2:101.

Brunse A, Deng L, Pan X, Hui Y, Kot W, Nguyen DN, et al. Fecal filtrate
transfer protects against necrotizing enterocolitis in preterm pigs. ISME J.
2022;16:686-94.

. Rasmussen TS, Mentzel CMJ, Kot W, Castro-Mejia JL, Zuffa S, Swann JR,

et al. Faecal virome transplantation decreases symptoms of type 2 diabe-
tes and obesity in a murine model. Gut. 2020;69:2122-30.

Breitbart M, Bonnain C, Malki K, Sawaya NA. Phage puppet masters of the
marine microbial realm. Nat Microbiol. 2018;3:754-66.

Roux S, Emerson JB. Diversity in the soil virosphere: to infinity and
beyond? Trends Microbiol. 2022;30:1025-35.

Sun M, Yuan S, Xia R, Ye M, Balcézar JL. Underexplored viral auxiliary meta-
bolic genes in soil: Diversity and eco-evolutionary significance. Environ
Microbiol. 2023;25:800-10.

Luo X-Q Wang P, Li J-L, Ahmad M, Duan L, Yin L-Z, et al. Viral community-
wide auxiliary metabolic genes differ by lifestyles, habitats, and hosts.
Microbiome. 2022;10:190.

Zuppi M, Hendrickson HL, O'Sullivan JM, Vatanen T. Phages in the gut
ecosystem. Front Cell Infect Microbiol. 2021;11: 822562.

Clooney AG, Sutton TDS, Shkoporov AN, Holohan RK, Daly KM, O'Regan
O, et al. Whole-virome analysis sheds light on viral dark matter in inflam-
matory bowel disease. Cell Host Microbe. 2019;26:764-78.e5.

LiuQ, Zuo T, LuW, Yeoh YK, Su Q, Xu Z, et al. Longitudinal evaluation of
gut bacteriomes and viromes after fecal microbiota transplantation for
eradication of carbapenem-resistant enterobacteriaceae. mSystems.
2022;7:e0151021.

Wilson BC, Vatanen T, Jayasinghe TN, Leong KSW, Derraik JGB, Albert BB,
et al. Strain engraftment competition and functional augmentation in a
multi-donor fecal microbiota transplantation trial for obesity. Microbi-
ome. 2021;9:107.

Leong KSW, Jayasinghe TN, Derraik JGB, Albert BB, Chiavaroli V, Svirskis
DM, et al. Protocol for the Gut Bugs Trial: a randomised double-blind
placebo-controlled trial of gut microbiome transfer for the treatment of
obesity in adolescents. BMJ Open. 2019,9:1-11.

Leong KSW, Jayasinghe TN, Wilson BC, Derraik JGB, Albert BB, Chia-

varoli V, et al. Effects of fecal microbiome transfer in adolescents with
obesity: the gut bugs randomized controlled trial. JAMA Netw Open.
2020;3:22030415.

KneadData — the huttenhower lab. https://huttenhower.sph.harvard.edu/
kneaddata/. Accessed 13 Nov 2023.

Guo J, Bolduc B, Zayed AA, Varsani A, Dominguez-Huerta G, Delmont

TO, et al. VirSorter2: a multi-classifier, expert-guided approach to detect
diverse DNA and RNA viruses. Microbiome. 2021;9:37.

Guo J, Vik D, Adjie Pratama A, Roux S, Sullivan M. Viral sequence identifica-
tion SOP with VirSorter2 v3. protocols.io. 2021. https://doi.org/10.17504/
protocols.io.owm5pc86.

VirSorter2 - jiarong. https://github.com/jiarong/VirSorter2. Accessed 6
Dec 2022

Nayfach S, Camargo AP, Schulz F, Eloe-Fadrosh E, Roux S, Kyrpides NC.
CheckV assesses the quality and completeness of metagenome-assem-
bled viral genomes. Nat Biotechnol. 2020;39:578-85.

Bitbucket. https://bitbucket.org/berkeleylab/CheckV. Accessed 13 Nov
2023.

Roux S, Adriaenssens EM, Dutilh BE, Koonin EV, Kropinski AM, Krupovic
M, et al. Minimum information about an uncultivated virus genome (MIU-
ViG). Nat Biotechnol. 2019;37:29-37.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 12 of 12

Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. High
throughput ANI analysis of 90K prokaryotic genomes reveals clear spe-
cies boundaries. Nat Commun. 2018;9:5114.

Kauffman KM, Chang WK, Brown JM, Hussain FA, Yang J, Polz MF, et al.
Resolving the structure of phage-bacteria interactions in the context of
natural diversity. Nat Commun. 2022;13:1-20.

Bin Jang H, Bolduc B, Zablocki O, Kuhn JH, Roux S, Adriaenssens EM, et al.
Taxonomic assignment of uncultivated prokaryotic virus genomes is
enabled by gene-sharing networks. Nat Biotechnol. 2019;37:632-9.
Vcontact2 - MAVERICLab. https:/bitbucket.org/MAVERICLab/vcontact2/
src/master/. Accessed 6 Dec 2022

Moreno-Gallego JL, Reyes A. Informative Regions In Viral Genomes.
Viruses. 2021;13:1164.

Camarillo-Guerrero LF, Aimeida A, Rangel-Pineros G, Finn RD, Lawley

TD. Massive expansion of human gut bacteriophage diversity. Cell.
2021;184:1098-109.€9.

VirHostMatcher-Net - WeiliWw. https://github.com/WeiliWw/VirHostMat
cher-Net. Accessed 6 Dec 2022.

Wang W, Ren J, Tang K, Dart E, Ignacio-Espinoza JC, Fuhrman JA, et al. A
network-based integrated framework for predicting virus—prokaryote
interactions. NAR Genom Bioinform. 2020;2:lqaa044.

Hockenberry AJ, Wilke CO. BACPHLIP: predicting bacteriophage lifestyle
from conserved protein domains. PeerJ. 2021,9:e11396.

Bacphlip - adamhockneberry. https://github.com/adamhockenberry/
bacphlip. Accessed 6 Dec 2022

Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal:
Prokaryotic gene recognition and translation initiation site identification.
BMC Bioinformatics. 2010;11:119.

FuL, Niu B, Zhu Z, Wu S, Li W. CD-HIT: Accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28:3150-2.

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010;26:589-95.

Danecek P, Bonfield JK, Liddle J, Marshall J, OhanV, Pollard MO, et al.
Twelve years of SAMtools and BCFtools. Gigascience. 2021;10:giab008.
Dixon P.VEGAN, a package of R functions for community ecology. J Veg
Sci. 2003;14:927-30.

laniro G, Pun¢ochdr M, Karcher N, Porcari S, Armanini F, Asnicar F, et al.
Variability of strain engraftment and predictability of microbiome com-
position after fecal microbiota transplantation across different diseases.
Nat Med. 2022,28:1913-23.

Schmidt TSB, Li SS, Maistrenko OM, Akanni W, Coelho LP, Dolai S, et al.
Drivers and determinants of strain dynamics following fecal microbiota
transplantation. Nat Med. 2022;28:1902-12.

Podlesny D, Durdevic M, Paramsothy S, Kaakoush NO, Hogenauer C,
Gorkiewicz G, et al. Identification of clinical and ecological determi-
nants of strain engraftment after fecal microbiota transplantation using
metagenomics. Cell Rep Med. 2022;3:100711.

Porcari S, Benech N, Valles-Colomer M, Segata N, Gasbarrini A, Cammarota
G, et al. Key determinants of success in fecal microbiota transplantation:
from microbiome to clinic. Cell Host Microbe. 2023;31:712-33.

Jalanka J, Salonen A, Salojérvi J, Ritari J, Immonen O, Marciani L,

et al. Effects of bowel cleansing on the intestinal microbiota. Gut.
2015;64:1562-8.

Mirzaei MK, Maurice CF. Ménage a trois in the human gut: interactions
between host, bacteria and phages. Nat Rev Microbiol. 2017;15:397-408.
Shkoporov AN, Ryan FJ, Draper LA, Forde A, Stockdale SR, Daly KM, et al.
Reproducible protocols for metagenomic analysis of human faecal
phageomes. Microbiome. 2018;6:68.

Thingstad TF. Elements of a theory for the mechanisms controlling
abundance, diversity, and biogeochemical role of lytic bacterial viruses in
aquatic systems. Limnol Oceanogr. 2000;45:1320-8.
Santiago-Rodriguez TM, Hollister EB. Unraveling the viral dark matter
through viral metagenomics. Front Immunol. 2022;13:1005107.

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


https://huttenhower.sph.harvard.edu/kneaddata/
https://huttenhower.sph.harvard.edu/kneaddata/
https://doi.org/10.17504/protocols.io.bwm5pc86
https://doi.org/10.17504/protocols.io.bwm5pc86
https://github.com/jiarong/VirSorter2
https://bitbucket.org/berkeleylab/CheckV
https://bitbucket.org/MAVERICLab/vcontact2/src/master/
https://bitbucket.org/MAVERICLab/vcontact2/src/master/
https://github.com/WeiliWw/VirHostMatcher-Net
https://github.com/WeiliWw/VirHostMatcher-Net
https://github.com/adamhockenberry/bacphlip
https://github.com/adamhockenberry/bacphlip

	Fecal microbiota transplantation alters gut phage communities in a clinical trial for obesity
	Abstract 
	Background 
	Results 
	Conclusions 
	Trial registration 

	Introduction
	The Gut Bugs Trial
	Metagenomic sequencing
	Identification of viral contigs and construction of viral operational taxonomic units
	Identification of clonal UViGs and engrafted phages
	UViGs characterization
	UViGs relative abundance and individual phageome composition
	Statistical analyses

	Results
	282 donor phages engrafted in the recipients following FMT
	The phageome composition of the recipients converged toward specific donor profiles
	Donor-engrafted vOTUs are retained within the recipient’s gut long-term
	FMT increased the variability and diversity of recipient gut phageomes
	FMT recipients exhibited an increase in the total abundance of temperate phages

	Discussion
	Conclusions
	Acknowledgements
	References


