Agﬂng and Dﬂsea se Early access date: September 15, 2025
www.aginganddisease.org http://dx.doi.org/10.14336/AD.2025.0854

Review

Gut Virome and Aging: Phage-Driven Microbial Stability
and Immune Modulation

Kaleem Ullah'#, Rabia Kanwar?*, Saqib Ali®, Saif Uddin?, Izza Izza*, Irfan Ahmad>¢, Khalid J.
Alzahrani’, Abdul Qadeer®*, Chun-Ting Chu’*, Chien-Chin Chen-'%11-12,13*

'Directorate General (Research) Livestock & Dairy Development Department Peshawar, 25000, Khyber
Pakhtunkhwa, Pakistan. “Institute of Microbiology, University of Agriculture Faisalabad, 38000, Punjab,
Pakistan. *Huazhong Agricultural University, Wuhan, Hubei, China. *University of Veterinary and Animal
Sciences Lahore, Punjab, Pakistan. *Department of Clinical Laboratory Sciences, College of Applied Medical
Sciences, King Khalid University, Abha, Saudi Arabia. °Health and Medical Research Center, King Khalid
University, AlQura'a, Abha, Saudi Arabia. 'Department of Clinical Laboratories Sciences, College of Applied
Medical Sciences, Taif University, Saudi Arabia. *Department of Cell Biology, School of Life Sciences, Central
South University, Changsha, China. *Division of Colon and Rectal Surgery, Department of Surgery, Ditmanson
Medical Foundation, Chia-Yi Christian Hospital, Chiayi 600, Taiwan. '’Department of Pathology, Ditmanson
Medical Foundation Chia-Yi Christian Hospital, Chiayi 600, Taiwan. ''Doctoral Program in Translational
Medicine and Rong Hsing Translational Medicine Research Center, National Chung Hsing University, Taichung
402, Taiwan. '“Department of Cosmetic Science, Chia Nan University of Pharmacy and Science, Tainan 717,
Taiwan. “Department of Biotechnology and Bioindustry Sciences, College of Bioscience and Biotechnology,
National Cheng Kung University, Tainan, Taiwan.

[Received July 10, 2025; Revised September 3, 2025; Accepted September 4, 2025]

ABSTRACT: The gut harbors trillions of microbes that play essential roles in metabolism and immunological
functions. The virome, an important but understudied component of the gut microbiota, comprises
bacteriophages commonly referred to as bacterial viruses, among other inhabitants. Understanding the
interplay between the gut virome and bacteria can illuminate the dynamics of microorganisms in both healthy
and diseased states. This knowledge can open new avenues for treatment, such as phage therapy and microbiota
modulation, which aim to restore balance in the gut and improve overall health. The composition and diversity
of the gut microbiome and virome undergo significant changes, which have been linked to increased
susceptibility to infections, chronic inflammation, and age-related disease. Exploring the gut virome’s role in
aging may provide insights into how viral and bacterial interactions influence immune senescence and gut
resilience in the elderly population. This review provides an overview of the current understanding of the
relationship between the gut virome, specifically phages associated with gut bacteria, and mechanisms of phage-
host interactions, shedding light on how these factors affect and influence communities. Additionally, this review
also explores the impact of the gut virome on gut resilience and its role in shaping and influencing the host’s
immune response. Maintaining a healthy gut requires a stable and robust virome. Therefore, future research on
the virome is crucial for the development of microbe-based products that enhance human and animal health
and aid in addressing specific diseases.
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1. Introduction

The importance of microbiota for human health and well-
being has been increasingly recognized over the years.
Research has demonstrated that these microbial residents
play vital roles, such as aiding digestion, strengthening the
immune system, and protecting against harmful
pathogens [1]. Advances in molecular techniques have
improved our understanding of the complex interactions
between humans and microbes, revealing meaningful
links between changes in the microbial ecosystem and
conditions like dysbiosis. These developments have also
highlighted the diverse range of viruses associated with
the gut microbiota. The term “human gut virome” refers
to the entire community of viruses or virus-like particles
(VLPs) associated with the gut microbiota. Notably, the
gut virome is mainly composed of prokaryotic viruses
(bacteriophages or phages), reflecting the dominance of
bacterial communities within the gut microbiota [2, 3]

The International Committee on Taxonomy of
Viruses (ICTV) currently recognizes nineteen families of
phages that infect bacteria or archaea, of which only two-
Inoviridae and Microviridae possess single-stranded
DNA genomes. The distribution, genetic characteristics,
and ecological roles of Microviridae remain largely
unexplored [4]. Historically, research has primarily
focused on the bacterial microbiome [5]. However, recent
advances in metagenomics have led to the identification
and characterization of an increasing number of native
viral particles within these communities. The digestive
systems of animals and humans, from the oral cavities to
the intestines and excretion, have become areas of
significant  interest. =~ Advanced sequencing and
computational analyses have revealed a broad diversity of
viromes in companion animals such as dogs and cats, as
well as in farm animals and wildlife, including bats [6].
Recent studies have identified members of the
Microviridae family in water and the intestines of both
animals and humans, suggesting potential ecological
implications [7, 8]. This family comprises two ICTV-
approved subfamilies, Bullavirinae and Gokushovirinae,
along with two provisional groups, Pichovirinae and
Alpavirinae, which the ICTV has not yet officially
recognized [9]. The Bullavirinae subfamily includes three
genera: Alpha3microvirus, G4microvirus, and Phix174
microvirus, which infect enterobacteria, with the well-
studied bacteriophage Phix174 serving as the family
archetype. The Gokushovirinae subfamily is known as the
target of obligate intracellular parasites from the genera
Chlamydia, Bdellovibrio, and Spiroplasma [10].

The intestinal virome includes bacteriophages
(commonly known as phages) and eukaryotic viruses. The
human gut virome includes all viruses and virus-like
particles (VLPs) linked to the gut microbial community.

It mainly consists of prokaryotic viruses, reflecting the
predominance of bacteria in the gut microbiome [11].
Phages in the human gut are believed to be present in
quantities similar to their bacterial hosts. Typically,
bacteria are found at about 10 per gram of feces, while
VLPs range from approximately 10® to 10° per gram.
Most  virus-like particles (VLPs) come from
bacteriophages [12].

Maintaining balance within the complex gut
microbial ecosystem is crucial for supporting the host's
health and preventing disease development [13].
Conditions such as diabetes and Crohn's disease are linked
to changes in the gut's commensal flora, a phenomenon
called dysbiosis [14]. Dysbiosis leads to fluctuations in
both gut microbiota and phage activities [15]. Recent
studies emphasize the impact of the virome, especially
phages, on the development of various medical
conditions, including gastrointestinal disorders and cancer
[16]. Acute diarrhea is a leading cause of death
worldwide, especially among children, with viruses being
major contributors. About 40% of diarrheal cases have
unknown causes. The advent of metagenomic sequencing
has enabled the discovery of new viruses that may be
responsible for these illnesses [17]. Advances in omics
technologies now allow comprehensive analysis of the
entire animal virome, enhancing understanding of its
composition, functions, and effects on animal health and
disease [18]. Combining omics techniques with
bioinformatics has helped researchers use microbiome
profiling in clinical settings and identify underlying
causes of disease. Studying microbiome changes related
to disease is essential for pinpointing causes and
understanding how microbiomes influence disease
progression. Gaining insight into how microbiome
imbalances contribute to disease development can lead to
new strategies for disease control and improved treatment
outcomes [19]. Some research on yak diarrhea shows that
changes in the gut microbiota of adult yaks with diarrhea
may facilitate pathogen colonization and spread within the
gastrointestinal tract [13]. Similarly, Alsaaod and
colleagues observed microbiota shifts during bovine
digital  dermatitis, identifying treponemes and
Porphyromonas levii as potential causes of persistent claw
horn lesions in cattle [14].

In addition to their links with various diseases, the gut
virome plays a vital role in the health of both animals and
humans. Animal viromes inhabit mucosal surfaces and
remain throughout the body even after viral infections are
cleared. Like the bacteriome, the virome influences the
host's immune system, playing a key role in maintaining
balance and controlling inflammation on mucosal
surfaces [15]. The virome produces viruses that modulate
the host's immune response, triggering immune reactions
without causing clinical illness [16]. The functional

Aging and Disease * Volume 17, Number 5, October 2026 2



Ullah K., et al.

Gut Virome in Aging

diversity of the human gut virome is currently being
studied, revealing a wide range of functions. Recent
metagenomic studies have shown that gut phages carry
genes mostly beneficial for intestinal bacteria. These
genes help bacteria adapt to their environment, are linked
to bacterial virulence, and support the stability and
resilience of the host's microbiome [17]. Understanding
the dynamics of the gut virome, especially
bacteriophages, is an emerging area in aging research.
Although the bacterial part of the microbiome has been
extensively studied, the role of the virome, particularly in
maintaining microbial balance and influencing immune
responses during aging, remains less explored. Given the
increasing recognition of phage-host interactions as key
regulators of microbial ecology, we suggest that age-
related changes in the gut virome could impact host health
by altering microbial composition, immune responses,
and mucosal resilience.

The growing field of gut microbiome research has
thoroughly examined bacterial changes that occur with
age, but the function of the virome, especially the
phageome, is still intriguing and not well known.
Contemporary research frequently provides descriptive
inventories of age-related changes in viral diversity and
composition [12, 18], but a comprehensive synthesis of
these findings is absent. A central debate concerns
whether these viromic alterations are catalysts or
outcomes of aging do variations in phage dynamics (e.g.,
heightened temperate phage activity) directly facilitate
microbial instability and immunosenescence, or are they
merely consequences of age-associated immune
deterioration and bacterial dysbiosis [19, 20] Moreover,
the interpretation of these findings is impeded by
methodological obstacles, such as database biases
favoring temperate phages and the complexities of
delineating host-virus interactions in vivo [21]. This
review transcends mere description to critically evaluate
current information, concentrating on the potential for
phage-mediated control of the gut microbiome and
immune system in the context of aging. We will clearly
point out these main disagreements, talk about the
methodological problems that make it hard to understand,
and find important knowledge gaps that need to be filled
in order to use the virome as a possible treatment target
for age-related decline.

This review aims to compile current knowledge about
the aging gut virome, with a focus on phage-driven
mechanisms, while highlighting important gaps and
directions for future research. This work critically reviews
both human and relevant animal studies, emphasizing the
virome as a potential target for future diagnostics and
treatments designed to promote healthy aging and reduce
age-related diseases.

2. Compositional changes in the gut virome with age
2.1. Human virome

The human virome has a distinct composition across
various anatomical regions, such as the blood, GI tract,
respiratory tract, urogenital system, and skin. An adult
human typically has about 10"'? virus-like particles
(VLPs) in their gut, which is comparable in number to gut
bacteria and correlates with body size [22]. The
gastrointestinal system contains the most viruses in the
human body [23]. The gut virome of a healthy adult
includes DNA viruses (ssDNA and dsDNA) and RNA
viruses (sSRNA and dsRNA). Research conducted by [1]
and other studies has consistently shown that people have
unique gut virome compositions that differ based on
location, lifestyle, nutrition, and age [22, 24]. Human gut
virome consists of both eukaryotic and prokaryotic
viruses that infect bacterial cells. Eukaryotic viruses, such
as herpesviruses, anelloviruses, and adenoviruses,
account for less than 10% of the virome [23]. Eukaryotic
DNA viruses, like herpesviruses, anelloviruses, and
adenoviruses, often remain latent and quiescent,
modulating host immunity [25]. Eukaryotic RNA viruses
are rare in healthy individuals; most intestinal eukaryotic
RNA viruses are identified as plant viruses [26].
Pathogenic RNA viruses may be present in the stomach of
a human host under stress from infection [24], posing
significant health risks through transmission via the fecal-
oral route, contaminated food or drink, and person-to-
person contact. The RNA virome in the human gut is less
studied than the DNA virome because RNA viruses are
less stable in samples than DNA viruses, making detection
via metagenomic sequencing [27]. In the human gut,
phages, also called bacteriophages and bacterial viruses,
comprise over 90% of the gut virome, though RNA
phages are less common compared to eukaryotic viruses
(Fig. 1) [22].

According to some research, the first phages in a
baby's gut originate as prophages from the initial bacteria
to colonize the area [28], such as Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria, all
acquired during vaginal delivery [29]. For example, it has
been shown that breastfeeding transfers prophages
carrying Bifidobacteria from mother to infant. It was
discovered that bifidophages belong to the Caudovirales
family, which dominates the early baby phageome and
contains very few crAssphages. Between one and three
months after Bacteroides invade the baby's intestines and
start to multiply, crAssphages from the baby gut and
mother gut share up to 99% of their genomes, comparable
to the colonization of Bifidobacterium and bifidophages
[30]. The gut virome of breast milk showed a significant
number of phages infecting Lactobacillus and
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Bifidobacterium, with very little evidence of eukaryotic
viruses [31]. A study was conducted to examine the
impact of formula milk and breast milk on the gut virome
in infants from America, Africa, and Botswana. The
results showed that while breast-fed infants in the
American and African groups had few Enteroviruses in
their stool, those in Botswana did [31]. Children in
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resource-poor countries have a wider variety of enteric
viral infections compared to children in resource-rich
regions, according to other research [32]. These studies
suggest that the ecology of the gut virome primarily
depends on diet and region. Probiotics are the early
bacteria that colonize the gut and aid in shaping the gut
microbiome ecology [33].

Adult Gut Virome

Bacteriophage (> 90%)
-dsDNA bacteriophage
Caudovirales
-ssDNA bacteriophages
Microviridae
Eukaryotic DNA viruses (< 10%)
Anelloviruses
Herpesviruses
Adenoviruses
Eukaryotic RNA viruses
Plant viruses
Sapoviruses
Rotaviruses
Coronaviruses

Figure 1. The human gut virome composition changes with the passage of age.

2.2. Animal virome

Recent research has shown that a greater variety of RNA
phages are more frequently found in various
environmental habitats, such as animal feces, than
previously believed [34]. Most intestinal phages found in
the human gut are encoded with DNA. The dominant taxa
in the gut virome are Caudovirales (dsDNA viruses) at the
order level and Microviridae (ssDNA viruses) at the
family level [35]. crAssphage is a common phage family
known as Intestiviridae within the (newly established
crAssvirales order by ICTV in 2021). Different forms of
crAssphage have been observed in human feces
worldwide, making up approximately 22% to 90% of the
relative abundance within the human gut virome [36].
Their connections to human health and disease remain
uncertain [37]. Research conducted over 2.5 years on the
gut virome of an adult revealed that over 80% of the

detected viral contigs remained consistent throughout the
study [38]. A year-long longitudinal study of fecal VLPs
in 10 healthy adults showed a consistent, individual-
specific gut virome composition, mainly consisting of
crAss-like and Microviridae bacteriophages. The
composition of the human gut virome changes with aging
[22].

Studying the viral causes of gastrointestinal disorders
in farmed horses is essential because each animal holds
significant value. Analysis of dsDNA viruses in horse
feces was conducted using metagenomic sequencing with
a sequence-independent cloning technique [39]. This
method produced many phage sequences from different
families, such as Siphoviridae, Myoviridae, Podoviridae,
and included a clone from a vertebrate Orthopoxvirus.
Five eukaryotic enteric viruses were identified in healthy
feline fecal samples from Portugal through high-
throughput metagenomic sequencing using Illumina

Aging and Disease * Volume 17, Number 5, October 2026 4



Ullah K., et al.

Gut Virome in Aging

MiSeq and BLAST. The feline virome sequences
included Picornavirus, Astrovirus, Bocavirus, Rotavirus,
and Picobirnavirus. These viruses were shed by healthy,
asymptomatic animals, including a novel picornavirus
named "Sakobuvirus," which is distantly related to the
human virus genera Salivirus and Kobuvirus [40]. The
[llumina MiSeq platform was employed to analyze the
feline enteric virome of cats from a single shelter in
California. The virome observed in this study showed
similarities to the Portugal study, including astroviruses,
bocaviruses, and picobirnavirus. However, the California
research did not detect picornavirus but did find additional
viruses from families like Coronaviridae, Circoviridae,
Herpesviridae, Anelloviridae, and Caliciviridae [41].
Besides cats, dogs are also a potential source for cross-
species transmission through close contact with humans.
A recent paper analyzing the viral metagenome of
domestic dogs has been published [42], showing
comparable virome families to those found in studies of
viruses in cats from Portugal, America, and Canada [43].
An analysis of the gut microbiome in 45 healthy domestic
dogs in China using advanced next-generation sequencing
revealed high levels of various DNA and RNA virus
families, with Circoviridae, Parvoviridae, Herpesviridae,
Astroviridae, Coronaviridae, and Picornaviridae being
the most prevalent among 63 identified virus families (31
DNA virus families and 32 RNA virus families). Fecal
viral contigs from asymptomatic East African farm pigs,
analyzed through high-throughput sequencing and
metagenomics, showed a mixture of contigs with no
matches and others closely resembling known viruses in
the GenBank database. The most common genera found
included Astrovirus, Rotavirus, Bocavirus, Circovirus,
and Kobuvirus, present in both wildlife and domestic
animals [44]. Less common contigs in porcine fecal
samples included Picobirnavirus, previously noted as
prevalent in domestic animal viromes [40, 41], while
others like Sapelovirus, Pasivirus, Posavirus, and
Teschovirus[44] were not detected in the wildlife or
domestic studies reviewed [37]. Some viruses, such as
Teschovirus, are exclusive to pigs, while others, including
Astrovirus, Rotavirus, Bocavirus, and Kobuvirus, are
known to cause disease in humans [45]. A metagenomics
study examined the enteric viromes of pigs in the United
States. The analysis revealed the presence of core genera
in the variable viral contigs, despite the pigs not being
asymptomatic but infected with porcine endemic diarrhea
virus (PEDV) [46]. Using the Kraken method, the
following genera emerged as the most prominent:
Mamastrovirus, Enterovirus, Sapelovirus, Posavirus,
Kobuvirus, Sapovirus, Teschovirus, Pasivirus, and
Deltacoronavirus. All viruses identified in this study of
diarrhea-affected farm pigs belonged to four viral families
frequently encountered in wildlife and domestic studies:

Picornaviridae, Coronaviridae, Astroviridae, and
Caliciviridae [47].

The dominant virome families in farm animals are not
limited to pigs and have also been identified in recent
research involving metagenomic studies of healthy and
sick broiler flocks in the poultry sector. This research
detected Parvoviridae, Astroviridae, Picornaviridae,
Caliciviridae, Reoviridae, Adenoviridae, Coronaviridae,
and Smacoviridae in the broiler flocks [44], with
Adenoviridae and Smacoviridae being the only two
families of viruses not widely observed in other wildlife
research included in this analysis. Some studies might not
have included Smacoviridae, as it was a newly classified
group introduced by metagenomic techniques and
officially recognized by the International Committee on
Taxonomy of Viruses (ICTV) in 2018 [41]. Additionally,
this research showed the presence of
Chaphamaparvovirus in all flocks [44], viruses previously
associated with bat viromes [39] and healthy cat viromes
[45]. The study on broiler chickens supports earlier
findings of a high presence of Chlamydia parvum in both
sick and healthy animals, such as ducks in Australia [46],
mice with kidney disease in Australia and America [47],
and dogs with various illnesses in America [48].

3. Comparative analysis: Animal vs. Human gut
Virome

3.1 Similarities in composition:

Research on the gut virome in both animals and humans
has shown similarities in its composition, especially
regarding certain viral types and their functions. These
findings open exciting opportunities for further research
in the field.

Developments in biotechnological instruments have
enhanced our understanding of the gut microbiota and
have shown that, contrary to previous beliefs, the number
of viruses in the gut may often equal or exceed that of
bacteria [22]. They consist of various viruses, such as
DNA and RNA viruses [1] as well as prokaryotic (90%)
and eukaryotic (10%) viruses. However, limited research
on gut RNA viruses might be due to the viruses' instability
in culture [27] along with the fact that the composition of
gut viruses varies depending on factors like age, location,
lifestyle, and diet [22, 24]. The virome includes all single-
stranded DNA and double-stranded DNA viruses present
in a healthy adult human stomach. According to [22, 24],
RNA viruses can also be classified as double-stranded
(dsRNA) or single-stranded (ssRNA).

3.2 Key differences and factors influencing these
differences:
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The main components of the human virome include
endogenous retroviruses, viruses that infect eukaryotic
cells, and bacteriophages (phages) that infect bacteria
[38]. The most common organisms on Earth are
bacteriophages, and this is also true in the gut, where
bacteriophages are the most numerous residents. Most
bacteriophage genomes sequenced from human gut or
fecal samples come from the ssDNA family Microviridae
and the dsDNA families Siphoviridae, Podoviridae, and
Myoviridae (order Caudovirales) [11, 12].

Further research has shown that the number of the gut
virome in an adult human is estimated to be comparable
to gut bacteria, with approximately 1072 virus-like
particles (VLPs) per individual, proportional to body size
[22]. Human gut virome topologies are highly
personalized and differ across regions, lifestyle, nutrition,
and age, according to studies conducted by us and others
[22, 24].

Similarly, using metagenomics allows us to see how
the gut viromes of animals and humans differ in terms of
diversity. Whole RNA sequencing has enabled rapid and
accurate virus identification by removing the need for
costly and time-consuming methods like microscopy or
cell culture [48, 49]. These studies have shown that
viruses with single-stranded RNA, in both positive- and
negative-sense orientations and covering the full spectrum
of genome types, infect animals. Animal viruses are
classified into five realms, ten kingdoms, eleven phyla,
twenty-six classes, thirty-five orders, and ninety-nine
families, according to the International Committee on the
Categorization of Viruses’ new classification published in
July 2021 [50]. However, even with the expanded species
sampling enabled by mNGS (metagenomic next-
generation sequencing), viruses associated with humans
or human activity groups, such as specific phyla or
vertebrate  classes, continue to dominate our
understanding of the animal virome [51]. Reyes and
colleagues studied how nutrition affects the gut virome
and found that even among people on similar diets, there
was significant variation in gut virome [52]. Minot and
others challenged this idea, arguing that diet influences
the gut virome. They observed that when patients
consumed the same food, their gut viromes became more
similar but still differed in specific composition (Minot et
al., 2011). In the mucosal and luminal viromes of obese
mice fed a high-fat, high-sucrose "Western" diet, Kim and
colleagues found that temperate phages of the
Caudovirales order were notably abundant [53].

3.4 Implication of cross-species transmission of viruses
Besides fully adapted human viruses, many animal

viruses ingested through contaminated food are also
found in the gut virome and have no clear connection to

the human virome. HEV causes acute hepatitis; genotypes
1 and 2 are exclusive to humans, but types 3 and 4 can
also infect pigs. While genotypes 1 and 2 are common in
the human virome and may be adapting to humans,
genotypes 3 and 4 are known to infect humans from the
animal reservoir [52]. Humans are often infected with
HEV, a zoonotic virus; in pigs, however, the infection
often goes unnoticed. This proposes that the composition
of the virome and clinical features are greatly influenced
by the host’s immune status [53].

Additional studies showed that the only known
member of the Circoviridae family is the chicken anemia
virus [54]. NGS initially identified the first human
gyrovirus (HGyV) on the skin surfaces [55]. AGV2, a
very similar virus, was found in chickens a few months
later. Later, a third gyrovirus, which includes CAV and
HGyV/AGV2, was discovered in human stool [56]. The
discovery of GyV4, a fourth gyrovirus, occurred in
poultry and human stool in China [57]. Some reports
suggest that these four gyroviruses are highly common in
human feces, possibly due to gyroviruses replicating in
humans through cross-species transmission. Similar to
plant viruses, passive animal viruses spread through food
consumption [58]. Like gyroviruses, cycloviruses, a new
genus in the Circoviridae family, are found in the feces of
humans and other animals [59].

4. Evolution of Gut Virome Diversity

Viruses, especially bacteriophages, play an important role
in the mortality and evolution of microorganisms by
enabling horizontal genetic transmission (HGT) [60, 61].
This viral activity is believed to significantly influence
nutrient cycling and carbon transport in biogeochemical
and ecological processes [62], emphasizing their vital role
in these functions. Research on the ecological effects of
viruses has mainly focused on aquatic environments,
especially in marine ecosystems, despite their widespread
presence in all ecosystems [63].

The human gastrointestinal tract hosts a wide variety
of unidentified microorganisms, including bacteria,
archaea, microbial eukarya, and viruses, which have
adapted in response to the immune system's selective
pressures [64]. Changes in gut microbiota maintenance
and composition are strongly linked to human physiology,
nutrition, and disease development [65]. An increasing
number of studies are connecting changes in gut
microbiota to the onset of metabolic syndromes and
inflammations such as obesity, diabetes, and
inflammatory bowel disease [66, 67].

Considering the significant impact of viruses on host
mortality and genetic diversity in the environment, their
ecological effect on the gut's microbial communities may
also be substantial. The functional redundancy of the gut
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microbiota not only ensures stability for their survival
[64] but also complements metabolic functions not
encoded by human DNA [68]. The high frequency of
horizontal gene transfer (HGT) among gut bacteria [69,
70] and the abundance of phage-related genes in the
human gut microbial metagenome suggest that viruses
contribute to maintaining gut homeostasis [68]. Human
gut viruses are not well understood and have yet to be
recognized as a major component of the gut microbiome.
Few studies have investigated the diversity of viruses in
the human gut, often focusing on a small number of
individuals and employing shotgun library creation with
limited resolution. Advances in molecular techniques
have greatly enhanced our understanding of viral
diversity. There is increasing interest in studying viruses
in various environments, driven by the greater diversity
and innovations associated with viruses than previously
recognized. Single-stranded DNA (ssDNA) viruses,
especially those related to macrophages, have been found
in abundance and diversity through multiple displacement
amplification (MDA) with phi29 polymerase. This
method enables the study of ssDNA viruses by using
random priming and the selective amplification of circular
genomes [71].

Enteric virome diversity varies for each individual, as
demonstrated by research on monozygotic and dizygotic
twins [72], and correlates with the overall diversity of the
gut microbiota. Most of the virome consists of phages and
their replication dynamics are closely tied to bacterial
populations. This diversity of the enteric virome reflects
the complexity and richness of the human gut microbiota,
which continues to fascinate and challenge researchers in
the field [22, 38].

An analysis of the human virome worldwide
identified several viral enterotypes [73, 74]. These
enterotypes are distinct clusters of viruses categorized into
three main groups based on their primary bacterial hosts
(Bacteroides, Prevotella, and Ruminococcus) [75]. The
hypothesis must be tested using bioinformatics to uncover
links between viral enterotypes and their influence on
human health. The intestinal virome undergoes significant
changes during the first 24 months after birth [22, 38, 76,
77]. Over time, the enteric virome develops a unique
composition for each individual and generally remains
stable with minimal variation. Reports suggest that up to
80% of the sequences remain unchanged [22, 72].
Maintaining the stability of the gut virome over time is
essential for good health. The integrity of the gut
microbiota has been associated with improved
psychological well-being [78-80].

Mammals have a diverse range of bacteria in their
lower gastrointestinal system, which also hosts a varied
population of phages. The virome in fecal samples from
mammals and birds was examined using viral

metagenomics, uncovering many distinct Microviridae
sequences. The study focuses on the quantity of bacterial
viruses in different animal species, their genome structure,
and sequence similarity based on the VP1 protein, a
fundamental phylogenetic marker used for classifying
Microviridae [81], along with the phylogenetic diversity
analyzed in this research.

The virome plays a role in various homeostatic
processes and in regulating microbial populations by
interacting with phages and bacteria [82, 83]. Stability is
disrupted when the gut's normal function is interrupted,
leading to dysbiosis, a condition characterized by an
imbalance in the gut microbiota [84]. The greater
diversity and abundance of viruses in the gut may
contribute to diseases such as inflammatory bowel disease
[85, 86]. Other health conditions, such as infection with
C. difficile, type 1 diabetes, cancer, or AIDS, significantly
alter the virome [87, 88]. Changes in the gut microbiota
have been linked to the development of several illnesses
and metabolic disorders [89]. Compared to healthy
individuals, patients with ulcerative colitis (UC) showed
an increase in mucosa phages and a decrease in the
diversity and abundance of phages from the Caudovirales
group. Additionally, there was a rise in Escherichia phage
and Enterobacteria phage populations in the intestines of
UC patients [90]. De Jonge et al. conducted research
examining the relationship between metabolic syndrome
(MetS) and changes in the gut phageome [86].

The composition and function of the human gut
virome undergo a profound and specific evolution across
the lifespan, transitioning from a relatively unstable state
in infancy to a more stable and diverse adult profile,
before shifting toward a distinct and often dysbiotic state
in older age [91]. This geriatric virome is frequently
characterized by an expansion of viral richness (alpha
diversity) and a pronounced shift in community
composition (beta diversity) compared to younger adults;
however, its most critical functional evolution is a
predicted increase in the abundance and activity of
temperate phages [18, 92]. This shift towards lysogeny is
theorized to be a key adaptation to the aging gut
environment, potentially driven by a combination of
factors: a declining mucosal barrier allowing for easier
phage-bacteria contact, a nutrient-poor milieu from
dietary changes that favors the metabolic efficiency of
lysogeny, and most importantly, a weakened immune
surveillance that reduces the cost of maintaining a
prophage [19]. This last point is critical, as the age-related
remodelling of the immune system immunosenescence,
may directly permit the proliferation of temperate phages,
which in turn actively exacerbate immune decline. The
functional consequences of this are twofold. First,
through phage-driven microbial destabilization, the
expansion of temperate phages can mediate the horizontal
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transfer of antibiotic resistance and virulence factors,
while also eroding the diversity and resilience of the
bacterial microbiome, depleting keystone taxa responsible
for producing immunomodulatory metabolites, such as
butyrate [93]. Second, the aging virome contributes
directly to immune activation and inflammation. The
increased viral particle load provides a chronic source of
pathogen-associated molecular patterns (PAMPs), such as
viral nucleic acids and capsid proteins, which can
persistently engage pattern recognition receptors (e.g.,
TLR7/8, TLR9) on innate immune cells and the intestinal
epithelium [82]. This constant, low-grade stimulation is a
plausible mechanistic contributor to the state of
inflammation, a hallmark of immunological aging
characterized by elevated pro-inflammatory cytokines.
Therefore, the aging virome is not a passive bystander but
an active ecosystem that co-evolves with and potentially
accelerates host immunological decline, creating a vicious
cycle of microbial instability and chronic inflammation.

5. Gut virome interaction with gut bacteria

The microbiome consists of infectious entities in the
human body that interact with each other and the host.
This interaction influences health and disease [94].
Phages are commonly found on mucosal surfaces, in the
intestinal lumen, and in feces, where they interact with co-
resident bacteria. These phages alter the composition of
bacterial communities in the gut through their replication
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cycles [23]. There are four types of phage replication
cycles: bacterial budding, lysogenic/temperate, pseudo-
lysogenic, and lytic cycle (see Fig. 2). The two main forms
are lysogenic and lytic cycles. The lytic phage (virulent
phage) injects its genome into the host bacteria, leading to
the production of viral macromolecules and particles
(viral offspring), followed by bacterial cell lysis and
release of viral progeny. The virulent phage phenotype is
common during gut inflammation and environmental
stress. Lysogenic phages integrate their genetic material
into the bacterial chromosome, altering bacterial
phenotypes by horizontal gene transfer, which can include
toxin production and antibiotic resistance genes[95]. The
phage genetic material can be excised from the bacterial
chromosome in response to factors such as diet, chemical
inducers, pH or temperature changes, ultraviolet
radiation, antibiotics, and inflammatory or oxidative
stresses, enabling the switch to a lytic cycle [96-
99]. Phages can enter a pseudo-lysogenic state under
unfavorable environmental conditions, where the phage
genetic material resides in the bacterial cell without
replicating or integrating as an episome that resembles a
plasmid [100]. The bacterial host may be protected from
lysis or death by certain phages, including Plasmaviridae.
These phages have a bacterial budding life cycle, in which
they form buds that emanate from the bacterial cells [101].
Phage-driven intestinal dysbiosis has been suggested by
several speculative hypotheses [102].
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Figure 2. Schematic presentation of phages Life Cycles.
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According to the model of “Kill the Winner,” phages
reduce the number of dominant commensal bacteria in the
gut. The model relies on a relatively high diversity of
bacterial strains within the community. There is little
evidence that this happens in the gut; this strategy is only
relevant to dominant members of an ecosystem [103].
According to the "Biological Weapon" paradigm,
commensal microbes' phages act as weapons against
competing bacteria, leading to dysbiosis. Phages benefit
their host by killing rival bacteria [104].

According to the "Community Shuffling" paradigm,
prophage induction in bacteria can be triggered by biotic
conditions such as oxidative stress, antibiotic therapy, and
inflammation. This mechanism disrupts the interactions
between symbionts and pathobionts and results in lytic
infection in bacteria [105]. Besides the three models
previously mentioned that rely on the ability of phages to
lyse their hosts, phages can also alter the phenotypic traits
of bacteria through gene transfer. This process is called
the “Emerging New Bacterial Strain” model, where
instead of lysing the host cell, phages effectively insert the
lysogen into their host [17]. Additional evidence supports
this theory, showing that bacteriophage transcription
factors enable them to regulate bacterial functions during
lysogeny. For example, the enterohaemorrhagic E. coli
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T3SS is activated via the Cro transcription factor of
phage, thereby increasing bacterial virulence [106].

Phages influence the functions of the gut bacteriome
by regulating host viability and metabolism. Increased
resistance to acid was observed in E. coli infected with the
bacteriophage ®24g[107]. The phages modulate bacterial
gene expression and enhance the virulence and
environmental adaptation of host bacteria. They increase
the production of exogenous toxins and alter the biofilm
structure and metabolism of host bacteria [108]. Examples
of clinical bacterial pathogens that acquire ARG through
phage transduction include Staphylococcus aureus [109],
Clostridium difficile [110], and Enterococcus faecalis
[111]. Notably, several subsequent studies have shown
conflicting results, suggesting that phageomes associated
with humans and animals rarely carry ARGs [112, 113].
Phage-encoded factors can influence gut bacteria's
pathogenicity by promoting adherence, colonization,
invasion, and the production and transport of toxins (Fig.
4) [114]. The class of enzymes known as adenosine-
diphosphate-ribosyltransferases (ADPRTs), encoded by
specific phages, has been shown to enhance energy
utilization, colonization, and adhesion of gut microbes
[115,116].
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Figure 3. The phenotypic alterations of host bacteria caused by phage infection.
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5.1 Gut Virome Interaction with Immunity

Viruses and phages are abundant on the gut mucosal
surface, where they regulate the host’s immunity [114]. It
has been reported that mucin glycoprotein on the gut's
mucosal surface binds with Ig-like proteins on the viral
capsid. Bacterial invasion of human mucosal and
epithelial cells is significantly reduced by weakly
adhering T4 phage expressing Hoc proteins on the
mucosal surface, which causes aberrant slow diffusion
behavior [117]. Every day, approximately 31 billion
phage particles pass through human gastrointestinal
epithelial cells and enter the bloodstream [118].

The spleen and liver mononuclear phagocyte systems
capture and filter phages during circulation, and phage-
specific antibodies neutralize them within 24 hours [119].
Phage activity influences the human immune system by

promoting bacterial opsonization and identification,
regulating cytokine release, and modulating T and B cell
activity (Fig. 5) [120]. The expression of type I (IFN-I)
and type III (IFN-III) interferons is stimulated via
cytosolic sensors such as retinoic acid-inducible gene-I
(RIG-I), endosomal toll-like receptors (TLRs) signaling
through TRIF and MYD88, and melanoma
differentiation-associated protein 5 (MDAS) signaling via
mitochondrial antiviral signaling (MAVS) protein [121].
MDAS and RIG-I play critical roles in antiviral responses
against rotavirus, a dsRNA virus that affects the
epithelium of the small intestine and causes diarrhea in
children [122]. RIG-I triggers the production of
interleukin-15 (IL-15), which helps maintain the
homeostasis of intraepithelial lymphocytes (IELs) (Fig. 6)
[123].
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Figure 4. The role of eukaryotic viruses in maintaining the host immunity and human gut homeostasis.

The ssRNA noroviruses also cause human
gastroenteritis, and this virus can be detected by myeloid
cells via MDAS, TLR7, and TLR3 [124]. Germ-free mice
colonized with Murine norovirus (MNV) triggered an
immune response that protected against Citrobacter
rodentium infection and promoted intestinal epithelial cell

growth [125]. Immunocompromised mice supplemented
with Murine astrovirus (MAV) were protected against
enteric infections through the production of IFN-y. Fecal
transplantation and cohousing are used to transfer this
protection [126]. It was observed that intestinal viruses
might increase colonization resistance in patients with
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Clostridium difficile infection after fecal microbiome
transplantation. Remarkably, when it comes to treating
patients, filtrated feces are just as effective as unfiltered
feces [127]. Bacteriophage abundance and richness were
reduced in patients infected with C. difficile compared to
healthy controls, suggesting that bacteriophages could be
the active component of fecal microbiome transplantation

(FMT). The successful transplantation was associated
with the transfer of Caudovirales species [128]. RNA
helicase DHX15 acts as an NLRP6 co-factor to signal via
MAVS. Mice with NLRP6 deficiency exhibit blunted
IFN-I/III responses, making them more susceptible to oral
infection by Murine norovirus and encephalomyocarditis
virus [129].
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Figure 5. The interaction between the immune system and phages.

According to a recent study, the proliferation of
interferon-gamma (IFN-y) increases in germ-free (GF)
mice after feeding with E. coli or T4 phages. The CD4+
and CD8+ T cells in the intestinal mucosa produce
interferon-gamma (IFN-y). The E. coli phages activate
Toll-like receptor 9 (TLR9) and IFN-y-dependent
pathways in a dextran sodium sulfate (DSS)-induced
inflammatory bowel disease mouse model, which
exacerbates colitis in the mouse [82]. IFN-I (IFNa and
IFNP) binds the interferon-a/B receptor (a complex of
IFNARI1 and IFNAR2), and IFN-III (IFNX) binds the
interferon lambda receptor (a complex of IL10R2 and
IFNLR1) to initiate antiviral gene expression. IFNARI is
expressed on many cell types and prevents the
dissemination of rotavirus, reovirus, and murine norovirus
in the body [130]. The group 3 innate lymphoid cells
produce IFNA and IL-22, which synergistically control
intestinal rotavirus [131]. The adaptive immune response
is enhanced by interferons, which help control viral
infections [132]. One potential solution is to boost innate

immunity to overcome the gut's insufficient antiviral
defenses. Chronic rotavirus infection in mice can be
prevented and treated with bacterial flagellin, which does
so by inducing the production of IL-18 and IL-22 via
NLRC4 and TLRS, respectively [41].

6. Gut virome in Animal Health
6.1 Contribution to digestion and nutrient absorption

The microbial community of ruminant species has
evolved alongside the host, enabling the animal to extract
energy from high-fiber, low-quality diets [128]. In
addition to providing energy and a variety of short-chain
fatty acids (SCFAs) to the host, the diverse microbes and
fermentation processes in the rumen of ruminant animals
produce carbon dioxide, methane, and hydrogen into the
environment. A wide range of organisms, including
bacteria, protozoa, fungi, viruses, and archaea, inhabit this
anaerobic environment. These microbes depend on each

Aging and Disease  Volume 17, Number 5, October 2026 11



Ullah K., et al.

Gut Virome in Aging

other and are essential for breaking down complex
polysaccharides and plant-derived polymers. They also
play a key role in exchanging hydrogen, fermentation
products, oligomers, and monomers among different
species. The intricate relationships between viral phages
and their bacterial hosts regulate the behavior and
ecological dynamics of several natural systems [130].
Numerous natural systems, such as the marine
environment, aquifer sediments, infectious human
illnesses, and animal intestinal ecosystems, exhibit viral
influences on microbial and cyanobacterial metabolism
[131-133]. Using various techniques, including energy
generation, cell lysis, replication, and alteration of
microbial metabolism by Auxiliary Metabolic Genes
(AMGs), viruses impact the ruminal and intestinal
microbial communities of cattle [134, 135].

6.2 Impact on the Immune System

Hosts and their gut microbiota viruses coexist, leading to
low-level immune responses without causing symptoms
(host tolerance), all within a dynamic equilibrium [102].
The viral genome and different lysis products produced
by bacteria are examples of PAMPs or pathogen-
associated molecular patterns. These molecules stimulate
the inflammatory response by inducing low-level immune
reactions, which may influence the host's resistance to
future infections and disease-to-disease. Phages can also
trigger innate antiviral immune responses. Activation of
toll-like receptors (TLRs), which serve as sensors of
innate antiviral immunity, initiates signaling cascades that
provoke an inflammatory response. Human infants
exposed to bacteriophage particles can produce
antibodies, and endotoxin-free bacteriophage particles
have been shown to stimulate the production of TNF-a
and interleukin-1p (IL-1B) by macrophages [133].

Additionally, the phages in the gut play a crucial role
in developing the human immune system to fight
infections and maintain healthy gut microbiota. It is
known that on the mucosal surfaces of all animal
intestines, phage capsids with immunoglobulin-like
domains bind to mucin to provide antibacterial protection
against infections [134]. Recent studies show that phages
can bind to methicillin-resistant S. aureus (MRSA)
bacteria in the stomachs of host mice to reduce the
cytotoxic damage caused by MRSA and boost the
immune system's macrophages in mice [135]. Several
illnesses and metabolic problems have been linked to
variations or abnormalities in the ecology of the gut
microbiota [136].

However, immunodeficiency can also influence the
composition of the gut virome. According to [137],
immunodeficiency caused by lentivirus infection is linked
to a significant increase in the intestinal virome. This is

observed with pathogenic simian immunodeficiency virus
(SIV). Research by the same author suggests that the
composition of the intestinal virome may both contribute
to AIDS development and serve as a predictive marker of
HIV progression [137].

Parallel to this, viromes can modulate their host's
immune system by recognizing the host's innate immune
sensors and triggering the release of interferons and other
cytokines. This initial response encourages the
development of more antiviral genes, antibody-mediated
neutralization, and enhances the ability of NK cells and
CTLs to destroy virally infected cells [138]. Conventional
antiviral effectors are associated with the release of
immunosuppressive cytokines, including interleukin-10
(IL-10), regulatory T (Treg) cell activity, and increased
expression of inhibitory receptors on effector T cells.
These mechanisms work to prevent an uncontrolled
antiviral immune response from causing excessive harm
to the host [139].

6.3 Examples of animal studies highlighting the
importance

The importance of the gut virome for animal health
highlights its role in shaping the gut microbiota, aiding
digestion, modulating immune responses, and reacting to
environmental factors. As research advances, it offers
insights that can help develop strategies to improve
animal health and optimize livestock production [140,
141]. Additionally, its significant influence on the
phagosome and gut microbiota has been shown to be
crucial for maintaining and regulating host health. For
example, increased verbal memory and executive
function in the brain have been linked to higher
concentrations of Caudovirales and Siphoviridae in the
gut microbiomes of both humans and animals [142].
Moreover, the phagosome in the gut may enhance the
human immune system to reduce infections and maintain
a healthy gut microbiome [143]. Studies have shown that
bacteriophages with capsids containing immunoglobulin-
like domains can adhere to the mucin on the gastric
mucosal surfaces of all animals, offering antimicrobial
protection against infections [134].

Another study indicated that when phages attach to
bacteria in the stomachs of mice, they stimulate
macrophages in the immune system, reducing the
cytotoxic damage caused by methicillin-resistant S.
aureus (MRSA) [135]. Several diseases and metabolic
issues are linked to changes or disruptions in the gut
microbiota’s ecology. For example, people with
ulcerative colitis (UC) have higher populations of phages
in their mucosa and lower Caudovirales phage abundance
and diversity in their stomachs compared to healthy
controls. Additionally, UC patients tend to have increased
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gut phage populations of Enterobacteria and Escherichia
[24, 89].

7. Role of gut virome in human health
7.1 Beneficial Impact

Viruses can act as mutualistic symbionts that provide
benefits to their host rather than being purely harmful
parasites. They can also be advantageous to human health.
For example, the production of IFN-y during latent
herpesvirus infection increases resistance to Yersinia
pestis, Listeria monocytogenes, and Influenza-A in the
host [144]. Intranasal inoculation of Murid herpesvirus
4 (MuHV-4) in mice, which establishes latency, shows
that latency increases the number of natural killer (NK)
cells containing GzmB protein. GzmB kills tumor cells
through granulation, and natural killer cells boost IFN-y
production. IFN-y plays a key role in regulating the
adaptive immune response and defending against
bacteria, viruses, and tumors [145]. Higher levels of
Siphoviridae and Caudovirales in the gut have been
linked to better verbal memory and cognitive control in
the brain [142]. The gut virome supports healthy
microbiota and enhances the host immune system. Phages
attach to bacteria on the gut lining in mice, reducing the
cytotoxic effects of methicillin-resistant Staphylococcus
aureus (MRSA) [135]. Murine norovirus (MNV) protects
mice treated with antibiotics from lung damage caused by
Pseudomonas aeruginosa [146] and from DSS-induced
intestinal infection [147]. MNV also promotes
colonization resistance in mice treated with ampicillin
[124]. Phages from the Picovirinae subfamily, targeting
cytolytic E. faecalis in the mammalian gut, help reduce
alcohol-induced liver damage and cytolysin production
[49]. YHV-68 alters lung macrophage composition and
provides protection against allergic asthma [148].

8. Gut virome and diseases
8.1 Link to diseases in animals:

The link between the phagenome and disease is further
supported by animal studies. For example, in rodent
colitis, gut phage communities have been shown to
change, with the most notable change being a decrease in
the excess phages of Clostridiales [149]. Additionally, the
gut phagenome may be connected to viral infections from
external sources. One study examined changes in the
intestinal virome in mice infected with Coxsackievirus
B3. The results indicated that infection with the foreign
B3 virus significantly increased levels of Caudovirales
and significantly decreased the number of Microviridae in
the gut virome. Therefore, these findings support the idea

that different diseases are linked to the gut phagosome
[150]. Similarly, the gastrointestinal tract is chronically
inflamed in inflammatory bowel disease (IBD) [90]. GI
inflammation is largely classified into two groups based
on the affected anatomical areas: ulcerative colitis (UC),
which wusually appears clinically as large bowel
inflammation, and Crohn's disease [151], which can
influence any region of the GI tract. A study examining
changes in the intestinal virome of mice infected with
Coxsackievirus B3 found that the B3 virus infection led
to a notable rise in Caudovirales and a considerable drop
in Microviridae in the gut virome. These results confirm
the connection between the gut phageome and the
emergence of different diseases [152]. There is still much
to learn about the etiology of inflammatory bowel disease
(IBD). Still, several animal studies have demonstrated
that gut microbiomes are a causal factor in the disease.
This is supported by the disruption of normal gut
microbiota [85].

9. Negative impact on human health

The mounting evidence shows that gut virome regulates
intestinal and extra-intestinal disease pathogenesis.

9.1 Inflammatory bowel disease (IBD)

Ulcerative colitis (UC) and Crohn's disease are two
chronic forms of IBD [86]. Crohn's disease [151] affects
the GI tract, while ulcerative colitis (UC) primarily targets
the colon. Both conditions cause inflammation in the gut
and disrupt the digestive system [153]. IBD significantly
impacts patients' quality of life. The composition of the
gut virome may influence disease progression, although
the exact mechanisms remain unknown [154]. In Crohn's
disease, there is a notable increase in Escherichia, Faecali
[155], Caudovirales [156] crAssphage, Lactobacillus,
Enterococcus, and Lactococcus [157] bacteriophages. In
ulcerative colitis, Caudovirales and Enterobacteria
phages are more abundant [86]. The Podoviridae,
Myoviridae, and Siphoviridae morphotypes are ten times
more concentrated in UC patients [158]. IBD may be
linked to a shift in bacteriophage populations from
virulent to temperate phages [156]. No diversity was
observed, and expansion of Microviridae was found in
both CD and UC patients [85].

The abundance and diversity of human endogenous
retroviruses were observed in the samples of IBD colon
during several studies of endogenous retroviruses and
eukaryotic viruses. These studies suggested that HERV
expression in the colon correlated with Herpesviridae
(Epstein-Barr Virus) infection [159]. The mucosal surface
of IBD patients has a higher concentration of EBV and
CMV than controls. Inflammatory and non-inflammatory
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mucosa had similar EBV virus loads, and treatment
regimens failed to address them. These results indicate
that EBV is responsible for the onset of IBD rather than
disease progression [160]. When inflammatory bowel
disease was detected early, a specific eukaryotic gut
virome signature was identified through metagenomic
analysis of the intestinal mucosa. Hepadnaviridae
transcript levels were significantly higher, while
Tymoviridae and Polydnaviridae transcript levels were
lower in the intestinal mucosa of early-diagnosed UC
patients compared to controls. Additionally, in the
mucosa of CD patients, there was a lower abundance of
Virgaviridae and a higher abundance of Hepeviridae
compared to controls [161].

9.2 Diarrheal disease

Foodborne diarrheal diseases have various causes [162]
but the main agents are eukaryotic RNA viruses [163].
Reports indicate that rotavirus is the leading cause of
death, followed by norovirus and adenovirus in diarrheal
patients under five years old (27%) [80]. These viruses are
rarely seen in healthy individuals but can become
dangerous over time during specific conditions like
intestinal injuries, weakened immunity, and gut
microbiota imbalance. Viruses act as opportunistic
pathogens under adverse circumstances [30]. Changes in
the gut virome have been observed during diarrhea
associated with C. difficile and SARS-CoV-2 infections
[24, 90]. Low levels of Microviridae and high levels of
Anelloviridae and Caudovirales mark CDI-related
diarrhea. Significant links have been found between
Proteobacteria, Actinobacteria, and Caudovirales in CDI
[128]. Salmonella Typhimurium infection causes diarrhea
in a mouse model, and the production of free phages and
their subsequent lysogenic conversion increase due to
intestinal inflammation. The lysogenic conversion in P2-
like phages (SopE®) may worsen intestinal inflammation.
This inflammation triggers the bacterial SOS response,
leading to bacterial lysis, prophage production, and
increased dysbiosis [164].

9.3 Human immunodeficiency virus

The human immunodeficiency virus causes acquired
immunodeficiency syndrome (AIDS). It has been shown
that changes in the bacterial microbiome and enteric
virome due to HIV infection may influence the
progression of AIDS [165]. The gut virome observed
during metagenomic studies of HIV-positive individuals
reveals that AIDS develops when peripheral CD4 cell
levels are low. The gut is a key site for HIV infection,
specific immunological responses to HIV, and pathology
[166]. Increased vulnerability to secondary infections and

other immunopathologies characterizes AIDS. A plasma
virome study found that Anellovirus DNA was present in
HIV-suppressed participants, and nucleic acids from
Pegivirus A (GBV-C), hepatitis B virus (HBV), and
hepatitis C virus (HCV) were detected in some HIV-
infected patients on antiretroviral therapy (ART).
Furthermore, no correlation was observed between
Anellovirus genotypes and elevated T-cell activation
levels [167]. Anellovirus levels were higher in patients
with lower CD4+ T-cell counts. Patients with AIDS and
lower CD4+ levels have a higher likelihood of human
endogenous retrovirus presence compared to those with
higher CD4+ counts. Changes in the plasma concentration
of commensal viruses are associated with AIDS
progression [168].

The families Papillomaviridae, Anelloviridae,
Genomoviridae, and Herpesviridae were identified in
swab samples from women with cervical co-infections of
HIV and HPV. The prevalence of papillomaviruses was
higher in women with precancerous cervical lesions. An
inverse relationship was observed between the host's
CD4+ T-cell count and the amount of Anellovirus. A
greater presence of anaerobic bacteria in the vaginal
microbiome was linked to higher rates of herpesvirus or
genomovirus in women [169]. Semen samples from HIV-
positive men were examined in another study. Multiple
HPV genotypes, cytomegaloviruses (CMVs), and
anelloviruses were detected. Individuals with active HIV
viremia shed viruses more often [170].

9.4 Graft-Versus-Host Disease

Herpesviruses, anelloviruses, polyomaviruses, and
papillomaviruses are among the persistent DNA viruses
that are more frequently detected and have more
sequences in enteric GVHD patients, according to
research that investigated the dynamics of the virome in
enteric GVHD and allogeneic hematopoietic stem cell
transplantation (HSCT). Phage richness was also found to
be lower in these patients. Unexpectedly, picobirnavirus
was linked to early post-transplant GVHD. It was
prognostic of severe GVHD of the enteric system and was
associated with increased fecal levels of al-antitrypsin
and calprotectin, both indicators of GVHD severity [171].

9.5 Cancer

It has been investigated that viruses are responsible for
10-15% of all cancer cases. RNA viruses, such as human
T-lymphotropic virus-1 and HCV, as well as DNA viruses
like simian virus 40, HBV, HPV, EBV, and Merkel cell
polyomavirus, have been linked to cancer development
[166]. Colorectal cancer (CRC) is prevalent, ranking
second in mortality and third in incidence worldwide.
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Research has shown that gut microbiota plays a crucial
role in the development, progression, and treatment of
colorectal cancer [167]. Metagenomic analysis of stool
samples from CRC patients revealed variations in the
intestinal virome's richness and diversity. Viral genera
such as Phikzlikevirus, Tunalikevirus, Orthobunyavirus,
and 19 others served as markers to distinguish between
CRC and non-CRC individuals. Enrichment of Inovirus
and Tunalikevirus phages, which infect Fusobacterium,
pks-positive genotoxic E. coli, and bft-positive
enterotoxigenic Bacteroides fragilis, has been associated
with CRC development and demonstrated trans-kingdom
microbial interactions [168]. Reports indicate that certain
Inovirus species regulate bacterial biofilm formation,
aiding in colon cancer development. Additionally, a
significant reduction in crAssphages and Enterobacteria
phages, along with decreased bacterial diversity
particularly of anti-inflammatory and butyrate-producing
bacteria—was observed in CRC compared to non-CRC
samples [170]. Preliminary data suggest that EBV
infection may induce mutagenesis in intestinal cells,
potentially contributing to colorectal cancer development
[171]. Moreover, studies have documented that
microvesicles produced by EBV-infected B cells can
transfer EBV-derived molecules to intestinal epithelial
cells, possibly leading to oncogenic transformation [172].
Human polyoma virus 2 is involved in CRC
carcinogenesis according to a meta-analysis [172]. JCV
encodes the transforming gene T-antigen (T-ag), which is
involved in inactivating tumor suppressor proteins [173,
174] and deregulating signaling pathways through B-
catenin [175], thus inducing malignant transformation and
chromosomal instability in colonic cells [176]. Human
cytomegalovirus also plays a role in CRC progression
[177-180]. CRC cells infected with CMV had higher
levels of Wnt signals, which are linked to cell migration
and proliferation [181]. CMV-infected CRC cells also
contain Toll-like receptor (TLR) 2 pathway components
such as TLR4, NF-kB, and TNF-a [182]. Additionally,
CMV-infected CRC cells express cyclo-oxygenase-2 and
Bcl-2, proteins associated with colon cancer development
and progression [183].

9.6 Obesity and Diabetes

Diabetes and obesity are two common metabolic diseases
worldwide [184]. Type 1 diabetes (T1D) results from a
complex interaction between environmental exposures
and genetic predisposition. There is increasing evidence
that environmental factors, especially bacteria and
viruses, contribute to the development of T1D [185]. A
review of studies in animal models suggests that changes
in gut bacterial composition often occur before disease
onset [186]. Studies have shown that T1D patients have

higher levels of short-chain fatty acids other than butyrate,
which is produced by gut bacteria. Hence, the gut
microbiome might directly cause islet destruction [187].

Additionally, insulin deficiency may stem from
autoimmune death of B-cells following viral infection,
which can activate autoreactive T cells and lead to
autoimmune disease [188]. Studies on the gut virome of
pregnant women with an d without T1D reveal that
pregnant women's guts are frequently infected with
eukaryotic viruses. The presence of tobamoviruses and
picobarnaviruses is more common in pregnant T1D
patients than in pregnant non-diabetic women. Pregnant
T1D patients also show higher levels of three EV-B
viruses (ECHOvirus E-18, CVB3, and CVB4) compared
to non-diabetic pregnant women. Conversely, non-
diabetic pregnant women have higher levels of four EV-
A viruses (CVA14, CVAS, CVA16, and CVA10) [189].
A recent study found that in children with T1D, changes
in the gut virome occur before the development of
autoimmunity. The study also noted that fecal samples
from TID children contained greater amounts of
Picornaviridae and Circoviridae genetic material than
samples from healthy controls [190]. According to
research in Asian and African countries, children with and
without T1D do not differ significantly in the prevalence
of eukaryotic virus species or genera. However, T1D
children showed more frequent HERV signals, which
warrants further investigation [191].

Obesity-related insulin resistance is the cause of
metabolic disease type 2 diabetes (T2D), and several
studies have shown links between T2D and the gut
microbiota's composition [192]. The metagenomic
sequencing analysis of fecal samples from healthy adult
controls and T2D patients was evaluated in a case-control
study. The T2D group exhibited a significantly higher
number of gut phages, and seven phage operational
taxonomic units (pOTUs) that were particularly specific
to T2D were identified to consist of two Podoviridae, four
Siphoviridae, and one unclassified family. The
Pseudomonas, Lactobacillus, Escherichia, Entero-
bacteria, and Staphylococcus were the hypothesized
bacterial hosts of these pOTUs. It was found that there is
a complex core interaction between phages and bacteria
in the human gut ecosystem, indicating that co-variation
with changing bacterial hosts alone is not sufficient to
explain significant changes to the gut phageome [193].
Further research has revealed synergistic changes in the
intestinal bacteria and phage in T2D patients, including a
higher abundance of bacterial Enterobacteriaceae family
and Caudovirales family, the predatory phages of
Enterobacteriaceae [194]

One global health issue that negatively affects quality
of life is obesity. Several studies have shown a link
between obesity and abnormalities in microbiome
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composition. One study compared the gut viromes of
obese patients before and after therapy and found that the
gut virome composition changed during obesity
intervention. The gut virome of obese subjects had a lower
alpha diversity index before treatment compared to after
treatment. Before treatment, only four viruses were
detected in the core virome, but after treatment, nearly 13
viruses were detected, increasing the diversity of DNA
viruses [195]. A study on serum samples from children
and adults in Qatar found that lean individuals had lower
seroprevalence and seropositivity for herpes simplex virus
type 1 (HSV-1) compared to obese subjects. Obesity was
positively correlated with a higher presence of antibodies
against HSV-1/2 peptide epitopes, suggesting a potential
role for wviral peptides in adipogenesis [196].
Bacteriophages mainly belonging to the Caudovirales
family were found in the gut dsDNA virome from fecal
samples of school-aged children. Patients with obesity
and metabolic syndrome tended to have higher Shannon
diversity and phage abundance. The presence of multiple
phage contigs was linked to anthropometric measures, gut
bacterial taxa, and biochemical markers, including high
body mass index and elevated glucose and lipid levels in
individuals with obesity and metabolic syndrome [197].
The diversity and richness of the gut virome were lower
in obese and T2D patients than in lean controls. Eleven
viruses, including phages from Lactobacillus,
Geobacillus, and Escherichia, were more common in
obese individuals. The broad trans-kingdom interactions
between bacteria and viruses observed in lean controls
were significantly reduced in those with type 2 diabetes
and obesity [184]. An experiment on mice showed that the
total viral DNA and RNA in the feces of obese mice was
higher than in normal controls; this increase was closely
associated with metabolic markers such as fasting blood
glucose, fat mass, and body weight. The overall viral load
was negatively correlated with Bacteroidetes and
Bifidobacterium, and positively correlated with
Firmicutes [198]. The Siphoviridae family of viruses was
significantly decreased in the fecal virome of high-fat diet
(HFD)-induced obese mice, while viruses from the
families Mimiviridae, Microviridae, and Phycodnaviridae
increased. The study also revealed that lysogenic phages,
especially in the Siphoviridae family known for lysogenic
lifestyles, were reduced in the HFD group [199].

9.7 COVID-19

The SARS-CoV-2 is an RNA virus, which is the causative
agent of coronavirus 2019 (COVID-19) disease. COVID-
19 causes respiratory illness in humans. Enteric
involvement was observed in COVID-19 patients, with
5%-33% experiencing gastrointestinal symptoms such as
diarrhea, vomiting, and nausea [200]. A mouse model

study found that SARS-CoV-2 infection affects the gut
microbiome, and the microbiome's composition was
linked to disease severity and recovery processes [1]. The
immune dysregulation induced by SARS-CoV-2 disrupts
the microbial and viral environment in the human body,
leading to long-term COVID-19 or post-acute sequelae
[201]. A case-control study showed that pepper mild
mottle virus (RNA virus), derived from diet, was
underrepresented in COVID-19 patients. In non-COVID-
19 controls, their feces contained bacteriophages making
up most DNA viruses. In contrast, COVID-19 patients
had phages of Escherichia and Enterobacter, along with
an enrichment of eukaryotic viruses. The host interferon
response and gastrointestinal inflammation were
associated with phage abundance. The expression of
virulence-related genes, inflammation, and stress during
SARS-CoV-2 infection indicated that viruses play a key
role in the host's immune response. Studies revealed that
SARS-CoV-2 remains transcriptionally active in feces
even after clearance from the respiratory system. The live
virus may persist in the gut, increasing the risk of fecal-
oral transmission. Patients with high SARS-CoV-2 viral
loads exhibited a higher prevalence of bacterial species
such as Morganella morganii, Streptococcus infantis,
Collinsella tanakaei, and Collinsella aerofaciens, along
with greater functional capacity for glycolysis, amino acid
biosynthesis, and de novo nucleotide biosynthesis
compared to patients with low or no viral presence.
Additionally, the gut virome of COVID-19 patients
included eight bacteriophage lineages and eleven
eukaryotic  viruses. There was a  significant
underrepresentation of 16 prokaryotic virus lineages and
the plant-derived RNA virus pepper mild mottle virus in
COVID-19 patients [202]. The dysbiosis of the gut virome
and bacteriome persists long after hospital discharge
[24].

9.8 Liver diseases

The gut-liver axis enables the liver to communicate with
the gut in both directions, making it a crucial organ for
host metabolism [203]. The study on alcohol-associated
liver disease (ALD) patients reported that ALD altered the
composition of the gut virome, which acts as a potential
driver of ALD. ALD patients have higher viral diversity,
particularly in alcoholic hepatitis (AH). Intestinal phages
such as Enterococcus, Escherichia, Enterobacter, and
Staphylococcus, along with eukaryotic viruses like
Herpesviridae and Parvoviridae, increase in the AH
group. The mortality and severity of AH are linked to a
high proportion of gut phages. A study on non-alcoholic
fatty liver disease (NAFLD) found that the diversity of the
gut virome is low in NAFLD patients. The severity of
NAFLD correlates with a lower proportion of gut phages
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[204]. Human adenovirus also acts as a risk factor in the
progression of NAFLD [205]. Alterations in the gut
virome are additionally associated with the progression of
liver cirrhosis [206].

10. Therapeutic Applications
10.1 Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) involves
transferring enteric phages from a donor to a recipient.
The diversity, richness, and composition of phage
communities in recipients have been found to resemble
those of the donors [207]. A recent study showed that the
effectiveness of FMT for CDI patients was linked to the
colonization of donor Caudovirales bacteriophages [90,
208]. Additionally, a correlation was observed between
the therapeutic success of FMT and the counts of
microviridae after treatment in recipients [209]. This type
of treatment has also been studied in instances of GVHD,
T2D, and irritable bowel syndrome, besides CDI. A meta-
analysis and comprehensive review of FMT therapy for
active UC reported higher rates of endoscopic and clinical
remission, with no significant increase in adverse events
compared to placebo controls [210]. Furthermore, FMT
has been shown to potentially treat severe colitis
associated with GVHD after HSCT. Repeated FMTs led
to a consistent increase in diversity within the virome,
mycobiome, and gut bacteriome. The abundance of
Caudovirales bacteriophages increased, while TTV
decreased following FMT [202]. A randomized clinical
trial indicated that FMT might enhance the duration and
level of microbiota engraftment in obese T2D patients.
The combination of FMT and lifestyle changes improved
liver stiffness and profiles in these patients [40]. Methods
such as prebiotic and probiotic use, FMT, and dietary
interventions are among those aimed at modifying gut
microbiota to prevent colorectal cancer and improve
treatment responses [211]. FMT also shows promise in
reducing side effects for CRC and overcoming resistance
to immunotherapy. Phage transfer can induce T-cell
cross-reactivity with cancer antigens, potentially boosting
the immune response to immunotherapy [212]. The
regeneration of gut microbiota and a proportional increase
in regulatory T cells within the colonic mucosa suggest
FMT's effectiveness in treating colitis related to immune
checkpoint inhibitors [213]. During and after the COVID-
19 pandemic, screening protocols for FMT are essential
for both donors and recipients, as the bidirectional gut-
lung axis during COVID-19 infection can influence the
lungs and gut directly (through gut microbial metabolites
and ACE2 receptors) and indirectly (via the immune
system) [214].

10.2 Faecal Viral Transplantation

FVT, also known as fecal filtrate transplantation or FFT,
is a refined version of FMT that removes fecal bacteria
and lowers the risk of bacterial diseases associated with
FMT. It has been proposed to be used therapeutically for
treating gastrointestinal disorders. The study found that
FVT promotes the growth of Akkermansia muciniphila
(AKM) and Lacticaseibacillus rhamnosus GG (LGG)
probiotic species in the mice gut. Results showed that
FVT-treated mice have a higher abundance of probiotics
compared to controls [215]. Healthy stool samples are
collected from one person, and the healthy gut virus
populations are then transplanted into the colon of another
person[216]. Further research indicates that, unlike FMT,
transferring fecal filtrate, which includes bacteriophages,
metabolites, and bacterial components supporting normal
intestinal health was sufficient to eliminate symptoms in
individuals with CDI and restore normal bowel habits
[217]. A pilot study using a mouse model suggested that
autochthonous FVT can modify dysbiotic gut microbiota
caused by antibiotic treatment. The FVT reduces the side
effects of antibiotics [218]. Another study evaluated the
effectiveness of FVT compared to FMT in preventing pigs
from developing necrotizing enterocolitis. It was found
that FVT was more effective than FMT and had no known
adverse effects. FVT changes the gut microbiome,
including decreases in Proteobacteria and increases in the
gut virome within the ileal mucosa [219].

10.3 Phage Therapy

A new approach called "phage therapy" uses
bacteriophages to specifically target and eliminate
harmful microbes. This innovative method offers
advantages over conventional antibiotics, FMT, and FVT,
which are not specific to pathogenic bacteria and may also
destroy healthy gut flora. Therefore, phage therapy's
ability to selectively remove these harmful germs could
represent a significant breakthrough in disease treatment.
Due to its specificity and effectiveness, phage-based
therapy has the potential to become the standard medical
treatment for gastrointestinal disorders. The United States
has not yet approved phage therapy for human use. There
are very few instances of the US Food and Drug
Administration (FDA) approving the single-use
Investigational New Drug program for experimental
phage [220, 221]. Research on phage therapy is ongoing,
with its promise as an antimicrobial treatment being
explored worldwide. Animal models have been used to
investigate potential clinical applications, which are still
in early development stages. Currently, lytic phages form
the backbone of phage therapy, often combined into "a
phage cocktail" to enhance effectiveness [222-224].
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Phage therapy shows promise in treating extra-intestinal
disorders in preliminary studies. Phages derived from the
cytolytic bacterium Enterococcus faecalis that can
selectively target intestinal cytolysin-positive E. faecalis
to prevent its translocation to the liver and thereby reduce
AH have been identified [49]. A sewage sample used to
isolate Myoviridae lytic bacteriophage PDX has shown
efficacy against the diarrheal pathogen enteroaggregative
E. coli (EAEC) in mouse models both in vivo and in vitro,
suggesting that PDX could be a useful treatment for
travel-related and pediatric diarrhea caused by EAEC
[50]. The pathovar E. coli known as adherent invasive E.
coli (AIEC) can cause both short-term and long-term
diarrhea, as well as inflammatory bowel disease (IBD)
[225]. Phage therapy is an attractive option for treating
AIEC infections or colonization in clinical settings due to
the challenge of multi-drug resistance [226]. Research
demonstrated that a lytic phage cocktail targeting AIEC
significantly reduced LF82 levels and improved intestinal
inflammation [225]. Another study involving mice with
AlIEC-associated intestinal tumors found that targeting
AIEC with specific phages reduced tumor burden and
increased survival by activating the TLR9-dependent
immune response and decreasing AIEC colonization [82].
It is believed that inhaled phage therapy could
revolutionize the management of bacterial respiratory
infections, especially those caused by antibiotic-resistant
bacteria [227]. Several investigations have shown that
phage therapy holds great promise for treating bacterial
infections in COVID-19 patients [228]. Additionally,
phages were found to reduce excessive inflammatory
responses in COVID-19 patients by inhibiting NF-xB
activation and ROS formation [229].

10.4 Phage Engineering

New findings in phage-based therapy have prompted
investigations into the potential clinical uses of combining
phages with genetic engineering. Specifically, phage
therapy for CRISPR-Cas9 system delivery to the gut for
microbiome genome editing has gained attention [230].
The refinement of phage therapy is advanced by
engineering the structure and functions of phages [231,
232]. According to a recent study, the CRISPR-Cas3
system effectively removed genes associated with the
lysogeny form of C. difficile phages and successfully
transformed them into obligately lytic (virulent) phages.
In vivo and in vitro studies provided evidence of its ability
to specifically target and kill C. difficile in mouse models
[232]. Another study demonstrated that Fusobacterium
nucleatum (a tumor-causing bacterium) infection treated
with covalently bonded azide-modified phages attached to
dextran nanoparticles coated with irinotecan (an anti-
tumor drug) significantly enhanced the effectiveness of

first-line chemotherapy for colorectal cancer (CRC)
without causing serious side effects. Since the engineered
phage-guided nanoparticles precisely targeted the tumor,
they suppressed the growth of F. nucleatum. They
increased the growth of Clostridium butyricum a
bacterium that secretes butyrate and exhibits anti-tumor
properties. Therefore, using phages to modify the gut
microbiota may offer a novel approach to treating
colorectal cancer [231]. Researchers used mouse models
to explore the potential of genetically modified
filamentous M13 bacteriophages as delivery vehicles for
exogenous CRISPR-Cas9 DNA targeting E. coli in the
gastrointestinal tract. The results showed chromosomal
deletions in targeted bacteria both in vivo and in vitro after
using the phages as a delivery method for CRISPR
systems [230]. Another study developed engineered
SNIPROO1, a mixture of four phages modified with tail
fibers and CRISPR-Cas machinery, to specifically target
E. coli. Oral administration of a high-dose phage cocktail
(2x10" PFU) was able to reduce E. coli levels in the guts
of mice by 4 log CFU/g without harming the health of the
animals or disrupting gut flora. A clinical trial is currently
underway in the United States to assess the safety and
effectiveness of this phage cocktail SNIPR0O1 against E.
coli infections in humans with multiple oral doses [233].

11. Conclusion

The study of dark matter in gut microbiota is emerging
thanks to advanced molecular and bioinformatic tools.
We thoroughly examined the characteristics of the human
and gut virome in both health and disease, as well as the
complex relationships among intestinal bacteria, viruses
or phages, and the human or animal host. The virome
plays a role in several homeostatic processes and in
regulating microbial populations through interactions
with phages and bacteria. Many natural systems, such as
marine environments, aquifer sediments, human
infectious diseases, and animal intestinal ecosystems,
show viral influences on microbes. Proper and stable gut
virome configurations are crucial for maintaining a
healthy gut microbiota. As a result, the field of viromics
needs further development because viruses are both
exciting and challenging. There is increasing evidence
that gut bacteriophages significantly influence gut health,
and our understanding of how specific viruses function in
different ecosystems is evolving. Overcoming current
challenges, like improving virome separation methods
and expanding databases of uncultivated viruses, will be
key to advancing our knowledge of the human gut
virome.

Limitation
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Some unresolved issues need further investigation. The
link between the gut virome and various illnesses remains
mostly unknown regarding whether there is a correlation
or causation, and virome research is limited by the lack of
comprehensive reference databases and computational
tools. The entire gut virome is significantly understudied,
with over 50% of viral sequences identified through meta-
genomic sequencing still without classification. This
reduces the accuracy of current results and conclusions.
Generally, less research has been conducted on the gut
RNA virome compared to the DNA virome. Detailed
studies on the molecular mechanisms of different
intestinal viruses and phages that relate to host phenotypes
are essential to develop next-generation microbe-based
products aimed at improving human and animal health
and treating specific diseases.

There is an increasing interest in studying the gut
virome's function in aging, however research on this topic
is still in its early stages and has a lot of problems with
methods and ideas. A significant portion of the current
information is obtained from animal models,
predominantly mice, which, although informative, fail to
completely represent the intricacies of the human gut
microbiome or immune system [234]. Age-associated
virome alterations identified in these models may not
directly correlate with humans owing to interspecies
variations in microbial composition, nutrition, longevity,
and immunological function. Furthermore, investigations
frequently depend on metagenomic sequencing, which
may overlook low-abundance viral species and fail to
differentiate between active and dormant phage
populations. These technical constraints impede a
thorough comprehension of the dynamic modulation of
microbial communities by phages across time [91]

Furthermore, assertions about phage-induced
microbial stability and immunological regulation in aging
are often based on correlative evidence, lacking thorough
analysis of causative relationships [235]. Few studies
consider confounding factors like drug use, chronic
inflammation, or common comorbidities in older
populations, all of which can independently affect the
virome. Similarly, early evidence for vertical transmission
or transfer of virome components (e.g., through breast
milk or early-life exposures) is still limited and often
relies on small cohorts or single case studies[77]. It is
difficult to determine whether observed changes in the
virome are a cause or consequence of age-related
physiological decline without large-scale, longitudinal
human data. Additionally, ethical and logistical
challenges make research on older adults, especially those
who are vulnerable or in institutions, more difficult[236].
Therefore, although the idea of a phage-mediated
mechanism for gut microbial stability and immune
regulation in aging is intriguing, current evidence requires

careful interpretation. There is an urgent need for more
rigorous, human-focused studies to fill these knowledge

gaps.
12. Future Perspective

Research on viruses has mainly concentrated on those that
cause obvious diseases, leaving many unknowns about the
numerous viruses that live within us 11many of which are
yet to be identified. Some inflammatory diseases,
especially those linked to industrialization or specific
regions, may be affected by a changing virome, making it
an important factor in how diseases develop. For complex
conditions like Inflammatory Bowel Disease (IBD), there
could be multiple pathways leading to the disease, with
viruses being one of many contributing factors. If viruses
do influence disease susceptibility, then several key
objectives in virology become essential.

1) Cataloging the mammalian virome: To
understand the diversity and prevalence of viruses in
hosts, it is crucial to catalog the mammalian virome.
Despite technological challenges, advances in deep

sequencing and bioinformatics are making this
increasingly achievable.
2) Establishing advanced in vitro infection

models: Innovations in cell culture, like organoids and 3D
cultures, will enable the study of viruses that are otherwise
hard to examine. These models can be further improved
by adding leukocytes and commensal bacteria to simulate
multicellular and polymicrobial interactions.

3) Identifying Novel Viral Properties in Animal
Models: Animal models, along with model viruses like
LCMV and MNV, will continue to reveal previously
unrecognized effects of viral immunomodulation and
inter-kingdom interactions that only become clear in a
living organism.

4) Including viruses in systems-level analyses:
Quantifying multiple parameters in well-defined human
and animal cohorts can reveal complex interactions
between genetic and environmental factors. By studying
the host, virus, and other microbiome members together,
a more comprehensive understanding of mammalian
biology can be achieved.

When exploring the virome, it’s crucial to remember
that it includes many serious pathogens. Developing
effective antivirals and vaccines will continue to be a
priority, and evidence of beneficial viral effects should not
impede these efforts. Instead, research should focus on
understanding the factors and pathways that determine
whether a virus harms or benefits the host. This deeper
understanding could guide the development of
immunomodulatory therapies for both viral and non-viral
diseases.
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Environmental Factors and the Gut Virome: The
environment can greatly affect the composition and
ecology of the gut virome, which, in turn, influences host
health. Understanding these environmental factors could
offer valuable insights into the gut virome's role in health
and disease.

Gut Virome and Zoonotic Disease: The gut virome
may also influence the spread of zoonotic diseases.
Differences in the gut virome between species can impact
how zoonotic diseases transmit across species, potentially
posing risks to both animal and human health.
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