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SUMMARY

Fecal microbiota transplantation (FMT) is an effective therapy for recurrent Clostridioides difficile infection
and is increasingly being explored for other microbiota-associated diseases. However, general research
has largely focused on bacterial engraftment, overlooking the contribution of the gut virome. In this perspec-
tive, we highlight phage-mediated horizontal gene transfer (HGT) as a potentially influential process occur-
ring following FMT. Donor-derived phages may potentially influence community structure, engraft in resident
bacteria, and modulate microbial functions or host physiology. In addition, temperate phages are well-equip-
ped to mobilize bacterial genes, such as metabolic functions, stress-response traits, and antibiotic resis-
tance determinants, raising the possibility that gene flow could well contribute to FMT outcomes. We pro-
pose a conceptual model in which phages act as bidirectional mediators of adaptation, not only
accompanying bacterial communities but also influencing gut ecosystems in subtle, yet potentially conse-

quential, ways.

INTRODUCTION: FRAMING THE FORGOTTEN
PASSENGER

The human gut harbors one of the most densely populated and
genetically diverse microbial ecosystems in nature." This dynamic
environment is inhabited not only by bacteria but also by archaea,
fungi, parasites, and a diverse array of viruses. These viruses are
dominated by bacteriophages (phages) that infect bacterial hosts
with high specificity.” Phages can influence bacterial population
dynamics by regulating bacterial growth, promoting strain turn-
over, and modulating microbial community resilience through cy-
cles of infection, lysogeny, and bacterial lysis.>* However, as
noted recently,® while phages clearly influence strain-level dy-
namics, their long-term impact on overall community composition
at the species level and above may be limited and context depen-
dent. Rather than restructuring whole communities at higher taxo-
nomic levels, phages may modulate the diversity and evolutionary
trajectories of individual bacterial populations.

In healthy individuals, microbial community structures are sta-
bilized by a complex network of ecological and biochemical in-
teractions among individual community members, the human
host, and the abiotic environment.” Phages contribute to
ecosystem stability, diversity, and functionality by exerting
strong selective pressures on microbial phenotypes and medi-
ating horizontal gene transfer (HGT). Phage-driven HGT between
bacterial cells comprises both erroneous packaging and delivery
of (random) host DNA fragments and delivery of genes contained
directly within temperate phage genomes, which affect bacterial
phenotypes during lysogeny. This process allows bacteria to
rapidly acquire new traits and adapt to changing conditions.®™'°

This state of relative ecological equilibrium, resulting from a
complex web of host-microbe, microbe-microbe, and phage-
microbe interactions, provides numerous benefits to the human
host. These include colonization resistance against pathogens
and pathobionts, a stable supply of physiologically relevant
short-chain fatty acids, synthesis of essential vitamins, and the
modulation of immune responses.” '3

However, when this equilibrium is disrupted by factors such as
changes in diet, exposure to antibiotics, infections, or disease,
the resulting microbial imbalance can have significant conse-
quences. A clear example is recurrent Clostridioides difficile
infection (rCDI), where antibiotic-induced community perturba-
tions reduce colonization resistance, allowing rapid expansion
of C. difficile. This increase in pathogen abundance leads to a
sharp increase in pathogen numbers and the subsequent pro-
duction of toxins that cause epithelial damage and inflammation,
further exacerbating microbial imbalance and creating a vicious
cycle of chronic inflammation.'* Altered community structures
have also been associated with conditions such as inflammatory
bowel disease (IBD) and metabolic disorders.'®'®

Fecal microbiota transplantation (FMT) is a clinical procedure
in which fecal material from a healthy donor is transferred into the
gastrointestinal tract of another individual in an attempt to re-
establish a balanced gut microbial community (Figure 1). FMT
has proven efficacy in treating rCDI and is under investigation
for a range of other conditions, including IBD and metabolic syn-
drome."”""® However, while the FMT research and practice has
largely focused on bacterial engraftment and the functional
restoration of the microbial community, the transplanted fecal
material contains much more than just bacterial cells. Among
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Figure 1. Schematic overview of FMT, FFT,
and FVT

Representation of the different donor-derived
preparations and the material delivered to the
recipient. A healthy donor microbiota (pink) serves
as the source material. In fecal microbiota trans-
plantation (FMT), resuspended donor stool with
minimal processing is administered, resulting in
the transfer of donor bacteria, phages, and me-
tabolites to the recipient microbiota (blue). In fecal
filtrate transfer (FFT), the resuspended stool is
filtered to remove intact bacterial cells, hence only
phages and metabolites reach the recipient mi-
crobiota. In fecal virome transplantation (FVT), the
filtrate undergoes further purification to enrich for
the viral fraction, leading to the transfer of phages
only. The intended outcome in all cases is the
restoration of a healthy gut microbial ecosystem.

Faecal Virome

the overlooked components of FMT are phages, which are inev-
itably transferred along with their bacterial hosts.%’

Phages represent a significant and highly dynamic component
of the gut microbiome, and it has been shown that donor phages
can engraft long-term in FMT recipients. For instance, stable
engraftment of donor-derived phages was observed in recipi-
ents who responded successfully to FMT, persisting for up to
12 months.?’ This suggests a lasting, donor-specific shift in
the gut virome after FMT, likely reflecting long-term changes in
bacterial composition due to the narrow, strain-specific host
range of phages. However, despite their abundance and persis-
tence, the role of phages in shaping the post-FMT microbiota or
in influencing clinical outcomes remains underexplored.

The human gut is increasingly recognized as a hotspot for
HGT, since the prevailing dense microbial populations and envi-
ronmental pressures create optimal conditions for genetic ex-
change.?? Phages, particularly those capable of lysogeny and
transduction, are active mediators of HGT and can facilitate
the dissemination of genes that confer fitness advantages to
their bacterial hosts, such as antibiotic resistance, enhanced
virulence, phage defense, antimicrobial activity, and improved
metabolic capacities.'®?*?° Recent research has characterized
the evolutionary dynamics of microbial communities in the gut,
demonstrating that phages can contribute to rapid adaptive
changes via HGT. A recent report®” showed that prophage trans-
fer between E. coli strains in the mouse gut confers significant
selective advantages to invading lineages, allowing lysogeniza-
tion to outpace mutation as a driver of adaptation. Further sup-
port comes from single-molecule nanopore sequencing of
virus-like particles, which revealed that up to 5% of capsid-
packaged DNA in the human gut virome is bacterial in origin,
providing direct evidence of widespread phage packaging of
bacterial DNA across diverse gut taxa.®

These findings collectively suggest that phage-mediated HGT
is a potentially significant driver of genome plasticity and evolu-
tion within the gut microbial community and thus underscores
the need to re-evaluate the role of phages in FMT. Should
phages be regarded as passive passengers, merely hitching a
ride with their bacterial hosts, or are they active drivers of gene
exchange capable of reshaping recipient microbiomes after
FMT? In this perspective, we discuss one of the least investi-

gated roles of phages in FMT: their ability to facilitate rapid
HGT and thereby act as active contributors rather than passive
elements.

THE GUT VIROME: ROLE OF PHAGES IN BACTERIAL
ECOLOGY

Among the diverse community of microorganisms coexisting in
the human gut, phages are the most abundant viral entities
and play a key role in shaping the gut microbial landscape.®*°
Gut phages display long-term persistence, with fecal viromes
showing high individuality and temporal consistency. This stable
structure appears to be maintained by a small number of highly
prevalent viral genomes that form strong associations with spe-
cific bacterial genera, such as Bacteroides and Faecalibacte-
rium.* Recent evidence further indicates that, once established,
up to 80% of viral sequences are detectable over time and that
virome composition closely mirrors that of the bacterial commu-
nity.>° Typical bacterial cell densities in the human gut reach
10'"-10"2 cells per gram of intestinal content, whereas virus-
like particles (VLPs) are estimated at 10%-10° particles per
gram, corresponding to a virus-to-bacterium ratio of
0.01-0.1.%%"

Phages usually follow either a temperate or lytic cycle. In the
lytic cycle, a phage infects a host cell, hijacks the bacterial ma-
chinery to produce new viral particles, and ultimately causes
the host cell to lyse, releasing newly synthesized phages. In
contrast, temperate phages can enter the lysogenic cycle, where
their genetic material integrates into the host genome and re-
mains dormant as a prophage.®® This dormant state can persist
until certain environmental cues trigger the prophage to reacti-
vate and transition to the lytic cycle.**

Studies of the human gut microbiome reveal a high density of
phage genomes but comparatively few phage particles, with an
estimated ratio of phage particles to genomes between 1:100
and 1:10, pointing to a dominance of temperate phages in
this environment. The low abundance of free phage particles
suggests that most phages are present as prophages rather
than actively engaging in lytic replication. This low induction
rate suggests both a minimal fitness cost to bacterial hosts
and an evolutionary advantage in having integrated phages,
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Table 1. Ecological models of stable phage-host coexistence

Model Description

References

Kill-the-Winner (KtW)

Phages are more likely to infect the most abundant bacterial hosts.

5

This prevents any single species from dominating and maintains
diversity, since resistance to infection comes with metabolic costs

King-of-the-Mountain (KoM)

At high host densities, phage resistance increases as a result of

horizontal gene transfer and mutations. This reduces phage
replication and creates a positive frequency-dependent pattern,
where more abundant hosts are also more resistant to infection

Piggyback-the-Winner (PtW)

During periods of rapid bacterial growth, temperate phages integrate

into host genomes and replicate in tandem. When host densities
peak, phages switch to the lytic cycle, so their infection mode is linked

to ecological conditions

Arms-Race Dynamics (ARD)

Bacteria and phages co-evolve in a stepwise way, with hosts gaining

41

resistance and phages evolving counter-resistance. This leads to
genetic escalation and nested infection networks

Fluctuating-Selection Dynamics (FSD)

Host genotypes switch back and forth between resistant and

41

infective, driven by selection and the costs of resistance. This helps
maintain diversity over time

such as immunity against infection by related phages or access
to genes that may confer adaptive traits. Together, these advan-
tages promote long-term coexistence and may enhance the
evolutionary fitness of bacterial hosts in the complex gut
ecosystem.®'%*

Although temperate phages appear to dominate the gut vi-
rome, lytic phages also play a role in microbial community struc-
ture and dynamics. For instance, Reyes and colleagues®®
demonstrated that phage predation in the gut occurs in a
sequential manner, with different phages targeting specific bac-
terial hosts at distinct times, leading to the rise of resistance
through ecological and epigenetic mechanisms rather than fixed
mutations. Similarly, Shkoporov and colleagues® showed that in-
teractions between lytic crAss-like phages and Bacteroides in-
testinalis promote long-term coexistence via phase variation,
with phages maintaining bacterial phenotypic diversity without
exerting strong lytic pressure. Moreover, Wilde and colleagues®®
reported that reintroducing virulent phages into synthetic gut
communities had minimal effects on overall microbial composi-
tion and metabolism, suggesting that lytic phages exert localized
rather than community-wide disruptions.

However, the ecological role of lytic phages should not be
underestimated. Recent evidence complicates the traditional
view of lytic phages as simply suppressors of bacterial numbers.
Castledine and colleagues®” showed that phage-resistant Vario-
vorax clones, isolated from evolved populations and cultured in
the absence of phage, reached higher bacterial densities during
the death phase compared with susceptible clones. This demon-
strates that the resistance-associated genetic change altered
the host’s growth dynamics in a stable, heritable way rather
than as a transient response to phage presence.

Beyond their canonical role in impacting the abundance of
bacterial species (Table 1), phages can also modulate micro-
biota diversity and composition at the subspecies and strain
level and influence metabolic output and functional interactions
within the gut ecosystem. The temperate phage BVO1 alters
gene expression in its host, the common gut bacterium Phocaei-
cola vulgatus, by integrating into the bacterium’s genome and
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disrupting the promoter region of a gene encoding a trypto-
phan-rich sensory protein (TspO). This disruption leads to the
repression of bile acid deconjugation and impacts the meta-
bolism of bile acids.®® In murine models, phage targeting of
defined community members induced broad knock-on effects
on metabolism, including shifts in neurotransmitter levels and
bile acid metabolism.*® Extending these findings, in vitro phage
predation over a simplified human microbiome consortium led to
significant shifts in non-target microbial populations and meta-
bolic output. These effects were less pronounced in vivo but still
associated with improved host outcomes such as reduced
inflammation.“® Together, these studies highlight that phages
can exert major effects on sub-species diversity, functionality,
and host-microbiota interactions, despite having a limited
impact on the overall taxonomic composition of gut communities
at the species level.

Building on these observations, the close association and ab-
solute dependence of phages on their bacterial hosts means that
phage transfer during FMT is inevitable. How these transferred
phages affect microbial interactions, community structure, and
functional outcomes in the recipient gut remains an important
and open question.

PHAGE TRANSFER IN FMT: EVIDENCE AND OPEN
QUESTIONS

While FMT dynamics have traditionally focused on the bacterial
component of the fecal material, recent clinical and preclinical
studies provide strong evidence that donor phages engraft in
FMT recipients and remain stable over time, modifying the gut vi-
rome in ways that may influence host health.?’*

Engraftment of donor microbes has been found to positively
correlate with the a-diversity of the donor phageome, suggesting
that richer and more diverse phage communities may enhance
FMT success.?” This observation aligns with the widely known
ecological principle that diversity confers resilience and adapt-
ability—a principle often applied to bacterial ecosystems but
less explored in the context of viromes.**
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Consistent with this view, donor phage diversity has been
linked to improved clinical resolution of rCDI. As observed
recently,** patients receiving FMT from donors with higher
phage a-diversity had better outcomes, characterized by reduc-
tions in Gammaproteobacteria and restoration of Clostridia.
These findings suggest that phages may help shape bacterial
community dynamics after FMT, either by suppressing overrep-
resented taxa or by promoting colonization. Such changes may
not only reflect compositional restructuring but may also suggest
functional shifts in microbial metabolism. A subsequent study*®
found that patients with better clinical outcomes possessed
phage communities that clustered more closely with those of
healthy donors. Furthermore, the study identified specific phage
groups whose presence was associated with improved clinical
outcomes, suggesting a potential role in treatment success. Pre-
viously, increased Caudoviricetes richness in donor samples had
been identified as a predictor of FMT success in rCDI.*® Given
that Caudoviricetes encompasses a broad range of temperate
phages, this raises the possibility that lysogenic conversion or
phage-mediated HGT may contribute to long-term remodeling
of the gut microbiome. Taken together, these findings may indi-
cate a role for phages in both microbial modulation and disease
resolution.

Collectively, these studies confirm that donor phages not only
transfer but can stably engraft in recipients, reshaping the gut vi-
rome in rCDI patients. However, the functional implications of
these changes remain unclear.

A major challenge in interpreting these findings is the tight
coupling between phage and bacterial strain dynamics, as
changes in phage populations often mirror shifts in their bacterial
hosts. As a result, many FMT studies remain inherently correla-
tional, making it difficult to assign causality to phages indepen-
dently of bacterial engraftment. However, a subset of experi-
mental approaches involving cell-free virome transfer provides
stronger evidence that phages can be directly involved in modu-
lating microbial community structure and function, beyond
serving as passive correlates of their bacterial hosts.

Fecal virome transplantation (FVT) is a cell-free microbiome-
based therapeutic strategy aimed at harnessing the therapeutic
potential of the virome (Figure 1). In a mouse model of diet-
induced obesity, FVT containing all viruses from the donor,
both bacteriophages and eukaryotic viruses, showed variable
but generally positive effects, such as reduced liver pathology
and altered immune responses. In the same study, a modified vi-
rome preparation (FVT-ChP), where eukaryotic viruses were
removed or inactivated while bacteriophages were preserved,
significantly improved glucose clearance. Virome preparations
modified by other treatments, however, did not show clear meta-
bolic benefits.*” This suggests that intact viromes may be more
effective than depleted ones under certain conditions, high-
lighting a key conceptual issue: while depleted viromes offer
greater safety and precision, they may lack the ecological coher-
ence and complexity inherent to intact viral communities. Mean-
while, Rasmussen and colleagues™® reported on a murine model
in which FVT from lean donors reduced weight gain and normal-
ized blood glucose parameters in diet-induced obese mice,
effectively shifting their phenotype toward that of lean controls.
More recently, this group”® demonstrated that FVT can enhance
the proliferation of the commensal Akkermansia muciniphila and
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unexpectedly increase fertility rates in recipient mice, without
triggering broad intestinal immune activation. These findings
suggest that phage-mediated microbiome modulation may influ-
ence host physiology through subtle ecological shifts. Further-
more, another study®® proposed a chemostat-propagated FVT
approach to mitigate donor variability and infection risks associ-
ated with conventional FVT, showing promising efficacy in a
C. difficile infection model. Together, these studies highlight
the therapeutic versatility of FVT. In parallel, Ritz and col-
leagues®’ extended the therapeutic scope of FVT to the micro-
biota-gut-brain axis. They demonstrated that transferring the
fecal virome from healthy, non-stressed mice to mice undergo-
ing chronic social stress can prevent stress-associated behav-
ioral issues and restore stress-induced changes in immune
cell populations, cytokine release, bacteriome alterations, and
gene expression in the amygdala. These results support the
idea that phages may function as independent therapeutic
agents and may contribute to the efficacy traditionally attributed
to broader FMT preparations.

In human trials, fecal filtrate transfer (FFT) has also been inves-
tigated (Figure 1). In a double-blinded study of patients with
metabolic syndrome, FFT induced transient changes in the
phageome within 48 h.°> While these changes were not sus-
tained long-term, they were accompanied by measurable im-
provements in glucose variability at 28 days, suggesting that
even short-term virome modulation might have functional conse-
quences. Interestingly, the degree of phageome similarity be-
tween donor and recipient appeared to influence the magnitude
of the response, echoing findings from bacterial FMT and rein-
forcing the notion that donor-recipient matching at the viral level
could be relevant to the success of the procedure. In a pilot trial
using FFT in rCDI patients, Ott and colleagues®® showed that five
out of five patients benefited. The filtrate contained complex
phage signatures, supporting potential phage contributions.
These findings hint that the virome could potentially function as
an independent therapeutic component of FMT.

While the mechanisms are not fully understood, accumulating
reports suggest that phages in FMT, FFT, and FVT could trigger a
change in the recipient’s ecosystem to resemble the donor’s,
potentially transferring phenotypic traits. Whether this occurs
via direct predation, immunomodulation, or the HGT of microbial
functions remains an open question. However, we suggest that
the ability of phages to mobilize genetic material not only adds
a further layer of complexity to their role in gut microbiota trans-
plantation but may, in fact, represent a key mechanism driving
microbial adaptation and functional integration in the host.

VEHICLES OF EXCHANGE: PHAGES AS MEDIATORS
OF HGT

The significance of HGT as a fundamental driver of rapid micro-
bial evolution and adaptation in microbial communities has
gained widespread recognition in recent years.**°° Three pri-
mary mechanisms facilitate the exchange of genetic material be-
tween microbial cells. Transformation involves the uptake of
extracellular DNA by naturally competent bacterial cells. Conju-
gation is characterized by direct cell-to-cell contact and is
typically mediated by plasmids or integrative and conjugative el-
ements. In transduction phages, VLPs or membrane vesicles
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serve as vectors for the transfer of genetic material.”® Phages
can obviously contribute to transformation-mediated HGT by
lysing bacterial cells and releasing their genomic contents into
the environment, while temperate phages can act directly as
vectors for horizontal gene transfer of bacterial genes, including
antibiotic resistance determinants and metabolic functions,
through several distinct mechanisms.'®

The primary mechanisms of phage-mediated HGT include
specialized transduction, generalized transduction, lateral trans-
duction, and mobilization by parasitic phage satellites in the
form of phage-inducible chromosomal islands (PICIs) or phage-
like gene transfer agents (GTAs) (Figure 2). Specialized transduc-
tion occurs when temperate phages excise imprecisely from their
host chromosome and package adjacent bacterial genes together
with viral DNA. A classic example involves the lambda phage in
E. coli, which can transfer the galactose operon or biotin synthesis
genes located near its integration site. More recently, lateral trans-
duction has emerged as a mechanism in which prophages initiate
in situ replication and package contiguous chromosomal regions
extending far beyond the prophage locus. This recently discov-
ered system enables the transfer of much more distant DNA seg-
ments than specialized transduction, with staphylococcal phages
capable of mobilizing genes across hundreds of kilobases of chro-
mosomal DNA, including entire pathogenicity islands.?>*” Gener-
alized transduction involves the random packaging of phage-
genome-sized bacterial DNA fragments during phage assembly,
allowing transfer of all bacterial genes. P1 phage in E. coli is a
well-studied example. GTAs are VLPs that randomly package
and transfer bacterial DNA, facilitating broad horizontal transfer
across bacterial populations.”® Caulobacter crescentus is one
example of a bacterium that has been demonstrated to produce
bona fide GTA particles.*® PICIs represent another transfer mech-
anism, where mobile genetic elements hijack phage assembly
machinery, suppressing phage replication while packaging their
own DNA. Superantigen-carrying staphylococcal pathogenicity
islands (SaPls) employ a related piggybacking strategy during
lateral transduction.?***
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Figure 2. Phage-mediated horizontal gene
transfer mechanisms

Major mechanisms of phage-mediated horizontal
gene transfer (HGT). Blue represents phage DNA,
and red represents bacterial chromosomal DNA.
Specialized transduction consist of imprecise
prophage excision that carries adjacent host se-
quences. In generalized transduction, packaging
errors caused by pac-like motifs lead to incorpo-
ration of bacterial DNA into phage heads. In lateral

)) transduction, in situ replication and packaging
/

= from the prophage pac site generate particles

containing large contiguous regions of the chro-
mosome. Phage-inducible chromosomal islands
hijack the assembly machinery of helper phages to
package their own genomes. Gene transfer
agents package short, random fragments of bac-
terial DNA into small phage-like particles.

The role of phages in bacterial evolu-
tion and gene exchange is well-estab-
lished,”®®° while recent metagenomic
analyses have expanded our under-
standing of the complexity of the gut
phageome and its dynamic interactions with its bacterial
hosts.®"'® The significance of this field is underscored by the
global rise in antimicrobial resistance, with horizontal gene trans-
fer via phages contributing to the spread of resistance genes and
virulence factors, highlighting the clinical relevance of phage-
mediated gene transfer.®®®* Phage-mediated HGT also extends
to the exchange of genes encoding various metabolic functions.
For instance, a recent study®® showed that viral contigs isolated
from mice can carry functions associated with amino acid degra-
dation, sulfur cycling, and cofactor or vitamin biosynthesis,
frequently linked to genetic exchanges with dominant gut bacte-
rial families such as Ruminococcaceae, Lachnospiraceae, and
Bacteroidaceae. These observations suggest that phages not
only act as vehicles for adaptive traits under selective pressures,
such as antibiotics, but also serve as reservoirs and distributors
of metabolic traits.

Building on this, recent studies have begun to explore HGT in
the context of FMT, positioning temperate phages as potential
vectors of horizontal gene exchange between donor and recip-
ient microbiomes. A study®® on FMT from a single healthy donor
to ulcerative colitis patients tracked phage-mediated transfer us-
ing metagenomic sequencing of purified viral particles. Donor-
derived phages, particularly members of the now reclassified Si-
phoviridae family, were frequently detected in recipients, with up
to 32 viral contigs transferred per individual. The majority of
transferred genes were linked to temperate phage replication,
including markers of lysogeny such as RepA and integrase do-
mains. These findings suggest that lysogeny may increase
phage survival and transmission across hosts, likely by allowing
prophages to persist through environmental stresses encoun-
tered during fecal transfer. Subsequently, a more recent study®’
observed the highest engraftment rate in patients with rCDI post-
FMT, with most of the engrafted phages being temperate. Inter-
estingly, a higher proportion of auxiliary metabolic genes (AMGs)
was identified on temperate phages. These AMGs have the po-
tential to support and modulate bacterial metabolism. A recent
placebo-controlled FMT trial in adolescents with obesity®®
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examined HGT in the gut using metagenomic data. While overall
HGT rates did not differ between FMT and placebo groups,
donor-derived strains that successfully engrafted promoted
gene transfer to resident microbes. These transferred genes per-
sisted for up to 26 weeks, indicating that HGT may serve as a
mechanism by which donor microbiota influence recipient com-
munities, even in the absence of long-term donor strain persis-
tence. Together, these findings highlight the potential role of
temperate phages as vehicles for gene exchange across individ-
uals. Phage-mediated HGT may therefore represent an underap-
preciated mechanism by which donor-derived microbiota exerts
long-term functional effects on recipient gut communities, inde-
pendently of bacterial strain persistence.

The emerging evidence from FMT studies raises critical ques-
tions about the mechanisms underlying successful microbial
engraftment and treatment efficacy. While donor strain coloniza-
tion and recipient strain resilience appear to be key for clinical
outcomes in most cases, the recently identified correlation be-
tween phage presence and therapeutic success’® suggests a
more complex relationship between viral and bacterial compo-
nents of the transplanted microbiome. This observation prompts
fundamental questions about whether phage-mediated HGT
contributes to microbial engraftment success in FMT by facili-
tating the adaptation of donor strains to the recipient gut environ-
ment, improving the stability of the transplanted ecosystem, and
potentially transferring beneficial genes that expand the func-
tional capacity of the recipient microbiome beyond what is
achieved through strain engraftment alone. Nevertheless, it is
also important to consider that phage-mediated HGT can trans-
fer genes with potentially harmful effects (from a human perspec-
tive), including antibiotic resistance determinants, virulence-
associated factors, or other traits that may negatively impact
host health.

BEYOND ENGRAFTMENT: WHY HGT DESERVES
ATTENTION IN FMT

We propose that the ability of donor strains to engraft in recipi-
ents following FMT may be enhanced by gene acquisition
through HGT. For instance, the survival and engraftment of
donor strains may depend on rapid genetic adaptation rather
than solely on their original genomic repertoire. Phage-mediated
HGT provides donor strains with access to a novel genetic reser-
voir of the recipient microbiome, facilitating rapid adaptation to
recipient-specific  environmental  conditions.®®  Moreover,
temperate phages that integrate into donor bacterial chromo-
somes not only survive the transfer process but also maintain
the potential for future gene mobilization. Prophage carriage
can also provide immediate ecological advantages. These
include immunity against superinfection by related phages and
the ability to release viral particles that can infect and suppress
prophage-free competitors. This creates a strong selective pres-
sure for bacteria to acquire and retain prophages as they enter
new environments, as demonstrated recently.””° This pressure
creates a dynamic system where donor strains could rapidly
adapt to the recipient gut environment through ongoing phage-
mediated gene exchange, which would explain why, after suc-
cessful FMT outcomes, some donor strains are capable of stable
and long-term colonization while others fail to engraft.®® By
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acquiring locally advantageous genes, incoming bacteria may
engraft more successfully into the resident microbiome, filling
ecological niches that would otherwise remain inaccessible. Ad-
vantageous traits could include metabolic functions tuned to the
recipient’s diet, tolerance to bile acids or antimicrobials, coloni-
zation and competition factors, orimmunomodulatory properties
that help the strain coexist within the host. In this way, HGT can
be envisioned as a shortcut to ecological compatibility, allowing
donor strains to gain fitness benefits. Such events could deter-
mine whether incoming bacteria are transient or become estab-
lished members of the gut community. Moreover, modeling and
comparative genomics suggest that maintaining high strain di-
versity in microbial communities is essentially impossible without
HGT, including phage-driven HGT. By altering growth rates
through mobile genes and promoting the transfer of antibiotic-
resistant or other adaptive elements, HGT enhances species
coexistence and resilience, allowing more strains to survive
and occupy overlapping niches.”® These findings support the
idea that gene flow via HGT not only benefits individual donor
strains but also contributes to the overall stability and functional
diversity of the gut microbiome.

Importantly, adaptive gene acquisition may not only benefit
donor strains. Phage-mediated HGT could also allow the recip-
ient microbiota to acquire donor-derived functional traits without
the need for colonization. This could explain those cases in
which FMT improves clinical outcomes even when donor strains
fail to establish long-term residency.”"" For example, phage-
mediated transfer of genes encoding carbohydrate-active en-
zymes, stress tolerance factors, or biosynthetic pathways could
rapidly expand the functional potential of the existing microbiota.
The resulting hybrid community may have new metabolic capa-
bilities or resilience, thereby restoring gut homeostasis even in
the absence of extensive donor strain engraftment.

Therefore, the current focus on bacterial engraftment in FMT
research may overlook fundamental mechanisms underlying
the efficacy of the procedure. Traditional metagenomic ap-
proaches that emphasize taxonomic composition and abun-
dance may miss functionally significant gene transfer events,
particularly when donor strains do not persist long-term. This
methodological blind spot could lead to the underestimation of
donor microbiome impact, and cases where FMT appears suc-
cessful despite poor donor strain engraftment might actually
represent successful HGT events that remain undetected by
conventional analysis approaches.

The gut microbiome represents a dynamic genetic ecosystem.
By embracing this complexity and bringing HGT into the conver-
sation, FMT research can advance beyond simplistic engraft-
ment models toward a deeper understanding of microbial com-
munities and microbial therapy.

TRANSLATIONAL AND RESEARCH ROADMAP: TESTING
THE ROLE OF PHAGES IN FMT

The conceptual model we propose (Figure 3) frames FMT as a
dynamic encounter between the genetic complement of both
donor and recipient microbial ecosystems, in which phages
can act as vectors of bidirectional gene exchange and drivers
of rapid microbial adaptation. Donor phages could transfer ad-
vantageous genes to recipient bacteria. Likewise, recipient
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Figure 3. Propose model of potential
phage-mediated interactions and gene-
transfer events following fecal microbiota
transplantation

Donor-derived phages and bacteria (pink) enter a
recipient community (blue), enabling several
possible outcomes. (l) Donor phages may transfer
genetic material to recipient bacteria, with con-
sequences that depend on the functions trans-
ferred. (Il) Recipient transducing particles may
infect donor strains and deliver recipient DNA,
potentially aiding donor adaptation and engraft-
ment. (lll) Donor-phage activity may also drive
rapid evolutionary responses in recipient pop-
ulations, such as surface or receptor alterations,
even in the absence of horizontal gene transfer.
We propose that all of them: HGT from donor
phage to recipient bacteria, from recipient phage
to donor bacteria, as well as lytic activity of the
phage, result in phenotypic changes at the pop-
ulation level (within species), and at the commu-
nity level (species/strain composition).

/

phages could confer adaptive traits to donor strains, potentially
improving their engraftment. Beyond HGT, phages may also pro-
mote rapid microevolution through mechanisms such as stimu-
lation of bacterial phase variation or surface modifications that
may alter susceptibility and niche access. However, if phage-
mediated HGT contributes meaningfully to engraftment, func-
tional restoration, or long-term microbiome stability, then its
role must be evaluated experimentally.

With currently available tools, substantial progress can be
made by integrating virome analyses into existing and future
FMT studies. Paired donor-recipient sampling before and after
transplantation, combined with paired bacteriome (total commu-
nity DNA) and virome (VLP DNA) sequencing datasets, can
enable tracking of phage persistence alongside bacterial strain
dynamics.?! Importantly, these datasets should move beyond
taxonomic composition to include functional annotation of bac-
terial and viral genomes, enabling detection of AMGs, lysogeny-
associated modules, PICI, prophage-proximal regions (lateral
transduction), or random packaging of bacterial DNA (general-
ized transduction, GTA). Targeted tracking of putative phage-
mobilized genes over time would provide indirect but informative
evidence for phage-mediated HGT in vivo. Reanalysis of existing
FMT metagenomic datasets with this integrative lens could
already test whether successful clinical outcomes correlate
with increased gene flow, phage persistence, or functional
convergence between donor and recipient microbiomes. Within
this framework, donor-derived phages carrying lysogeny-asso-
ciated modules or AMGs, PICI, prophage-proximal regions, or
entire genomes containing GTA could be monitored as potential
vectors of gene transfer to resident recipient bacteria, address-
ing the first mechanism proposed in Figure 3.

At the same time, baseline characterization of the recipient vi-
rome and bacteriome may provide insights into the ecological
permissiveness for incoming strains. Monitoring changes in pro-
phage content within engrafting donor bacteria would allow for
the assessment of gene acquisition from recipient-associated
phages, directly probing the second mechanism proposed in
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Figure 3. Across both contexts, functional annotation of viral ge-
nomes, including screening for antibiotic resistance or virulence-
associated genes, would help distinguish adaptive gene transfer
events from those with potentially adverse consequences for
host health and align mechanistic insights with translational con-
siderations.

Addressing causality will require experimental designs
capable of disentangling phage-driven effects from broader mi-
crobial community changes. One approach would be the sys-
tematic comparison of component-separated interventions
(FMT, FFT, and FVT) using standardized preparations.
Comparing ecological and functional outcomes across these in-
terventions can help identify which effects track specifically with
the virome fraction.

Controlled experimental systems offer further solutions.
Defined synthetic communities of virulent phage-free bacteria,
communities of phages, or combinations thereof, as well as
in vitro chemostats, artificial gut models, and gnotobiotic animal
models, can be used to disentangle the directionality of gene
flow. These models could explicitly test donor-to-recipient
HGT, as well as phage-driven processes such as bacterial phase
variation or surface modification. These systems are particularly
well-suited for testing the third mechanism in Figure 3, namely
phage-driven community and structural changes, under condi-
tions where confounding variables can be better controlled.

Over longer time horizons, mechanistic insights into phage-
mediated processes could inform a more refined approach to
FMT. Rather than attempting to exert direct control over phage
communities, a more realistic goal is to systematically charac-
terize virome features in donors and recipients and evaluate
how these features relate to engraftment, functional integration,
and clinical outcomes. Measures such as phage diversity, abun-
dance proxies, and the balance between temperate and lytic life-
styles could be considered alongside bacterial profiling during
donor selection.

Recipient baseline states, including compatibility with donor
viromes, may further explain interindividual variability in
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response to FMT. Importantly, translational implementation
must account for potential risks associated with phage-medi-
ated gene transfer, particularly the mobilization of antibiotic
resistance or virulence determinants. Integrating safety-oriented
screening with mechanistic understanding should be essential
for responsible clinical application.

By aligning conceptual models with concrete experimental
and clinical strategies, future studies can move beyond
correlation and toward a mechanistic understanding of how
phages contribute to the outcomes of microbiota-based
therapies.

CONCLUSION

In this perspective, we discuss one of the least investigated roles
of phages in FMT. This is their capacity to mediate HGT and thus
act as active participants rather than passive elements during
the engraftment process. Although the current evidence remains
limited and often indirect, we suggest that phages transferred
during FMT may not simply accompany bacterial communities
but could influence gut ecosystems in subtler, yet potentially
consequential, ways.

While FMT research has traditionally centered on bacterial
engraftment and community restructuring, evidence increasingly
shows that donor-derived phages engraft and persist after
FMT.2%2" Importantly, phage richness and the presence of spe-
cific viral taxa correlate with successful treatment out-
comes.*"~*® While these correlations do not establish causality,
they suggest that phages could contribute to FMT success in
some way, whether through modulation of bacterial population
dynamics, functional shifts, or alterations in the overall commu-
nity diversity and resilience. Experimental work further shows
that virome transfer alone can induce ecological, metabolic,
physiologic, and behavioral changes in animal models, 374851
implying that phages might exert measurable effects indepen-
dently of bacterial cells.

Temperate phages frequently carry and mobilize bacterial
genes, including those responsible for virulence, phage defense,
antimicrobial activity, and resistance to it, and metabolic capac-
ities.'>%° FMT studies have documented the transfer of donor
phages containing lysogeny modules and AMGs into recipi-
ents,®®%” and donor-derived strains that engraft may promote
gene exchange with the resident microbiota.°® While such
gene flow could support ecological integration and functional
restoration, it may also carry risks, including the potential move-
ment of antibiotic resistance or virulence genes.®®

Based on these conclusions, we advocate for the integration
of virome profiling into clinical FMT protocols. Donor selection
should incorporate phage diversity metrics alongside bacterial
screening criteria, and experimental designs should consider
the detection of donor-to-recipient and recipient-to-donor HGT
events. The field requires the development of genomic ap-
proaches capable of tracking gene transfer across microbial
communities, moving beyond taxonomic composition analysis
to capture the genetic exchanges.
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