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Abstract

The gut microbiome is a dense and metabolically active consortium of mi-
croorganisms and viruses located in the lower gastrointestinal tract of the
human body. Bacteria and their viruses (phages) are the most abundant mem-
bers of the gut microbiome. Investigating their biology and the interplay
between the two is important if we are to understand their roles in human
health and disease. In this review, we summarize recent advances in resolving
the taxonomic structure and ecological functions of the complex community
of phages in the human gut—the gut phageome. We discuss how age, diet,
and geography can all have a significant impact on phageome composition.
We note that alterations to the gut phageome have been observed in sev-
eral diseases such as inflammatory bowel disease, irritable bowel syndrome,
and colorectal cancer, and we evaluate whether these phageome changes can
directly or indirectly contribute to disease etiology and pathogenesis. We
also highlight how lack of standardization in studying the gut phageome has
contributed to variation in reported results.
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INTRODUCTION

The human gut microbiome is a complex and dynamic environment, estimated to be composed of
~10'"* microbial cells from all domains of cellular life (79). These inhabitants of the gastrointestinal
tract play a role in various important metabolic processes and are vital for normal human gut phys-
iology. Bacteria have received the greatest attention, likely because they have the largest biomass
and account for ~93% of DNA in metagenomic studies (82). Numerous studies have highlighted
their importance in both health and disease, while the viral, fungal, and protozoan components are
often neglected. The viral component of the gut includes both eukaryotic viruses and bacterio-
phages (phages), the latter being the most abundant members of the gut virome. Phages, together
with their bacterial hosts, are the most abundant components of the gut microbiome. In recent
years, viral metagenomics has revolutionized research of complex viral communities and has en-
abled us to catalog hundreds of thousands of previously unknown phages of the gut (7, 12,67). The
expansion of cataloged phages has also resulted in numerous taxonomic changes ratified by the In-
ternational Committee on Taxonomy of Viruses ICTV) (47). One of the most recent changes has
been the abolishment of the previous Siphoviridae, Myoviridae, and Podoviridae families as well
as the Caudovirales order, with all members assigned to the class Caudoviricetes (96, 97). This is
in recognition of the inaccuracy of using morphology-based taxonomy and moves instead toward
genome-based classification.

Phages persist in the gut microbiome at ~10°-10' viral-like particles (VLPs) per gram of
feces. They are estimated to exist at an ~1:1 ratio with their bacterial hosts, although it has
been suggested that viruses are outnumbered by bacteria in the gut, with ratios as low as 0.1:1
(82). As such, they can potentially exert considerable influence over bacteria through a variety
of mechanisms such as lysis, lysogenic conversion, chronic infection, and phage transduction
(horizontal gene transfer) (10). This can lead to both direct and indirect impacts on the human
host in both health and disease. It has been noted that the complex community of gut phages,
referred to as the gut phageome, is highly variable between individuals while being temporally
stable within individuals (81). In this review, we analyze the state of the art of phageome research,
in particular focusing on phageome variation and its implications in both health and disease states

(Figure 1).
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Figure 1

Biological and methodological factors contributing to phageome variation in the human gut. Biological factors include age, geography,
diet, and various health and disease states. Methodological factors include viral extraction and isolation protocols and bioinformatic
pipelines used. Abbreviations: DNAP, DNA polymerase; MDA, multiple displacement amplification. Figure adapted from images
created with BioRender.com.

PHAGE-BACTERIAL HOST DYNAMICS

Historically, both the lytic and lysogenic phage life cycles were expected to operate in the gut
microbiome. Both involve a phage particle identifying and adsorbing to a receptor on the surface
of the bacterial cell and injecting its genetic material into the susceptible host. In the lytic life
cycle, carried out by virulent phage, the phage takes over the host cell machinery to replicate its
own genetic material. Once mature virions are assembled, the bacterial cell is lysed to release new
progeny. In lysogeny, carried out by temperate phage, the genetic material of the phage also has the
possibility of integrating into the host chromosome as a prophage. This prophage can be replicated
for generations in tandem with bacterial reproduction until it is induced into the lytic life cycle,
which is usually due to some environmental stressor but can also occur spontaneously (Figure 2).
These are the main phage infection strategies observed to occur in the gut (21). Pseudolysogeny,
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The principal life cycles that have been described for bacteriophages: (@) lytic cycle, (@) lysogenic cycle, (@) pseudolysogeny,

(@) productive and nonproductive chronic infection, and (@) carrier state. In the carrier state depicted here, a subpopulation of bacteria
revert to resistance through loss of flagella, which can act as a phage receptor, and switching expression to a different capsular
polysaccharide. Figure adapted from images created with BioRender.com.

carrier state, and chronic infection are the most common alternative phage infection strategies to
be described. However, they are poorly characterized, with the terms pseudolysogeny and carrier
state being used interchangeably in literature (58). As such, there have been efforts to define each
more clearly (38, 58).

Pseudolysogeny has been described as a form of delayed phage reproduction in which the phage
genetic material remains dormant in the bacterial cell. It has been noted to occur in phages T4 (55)
and P22 (14), which infect Escherichia coli and Salmonella enterica serovar Typhimurium. Chronic
infection describes the ability of certain phage infections to continuously produce virions in the
bacterial cell. In the productive form, these are excreted from the cell without the requirement to
lyse it. In the nonproductive form, assembled phages accumulate in the cytoplasm of the bacterial
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cell but are not released. Productive chronic infection is most commonly described as occurring
in filamentous phages, while nonproductive chronic infection has been reported in RNA phages
(58).

While these four life cycles occur at the single-cell level, it has been suggested that the carrier
state should be viewed at the population level, with both phage and their bacterial hosts persisting
in equilibrium. A subpopulation of resistant bacteria serves to continuously maintain this balance.
The carrier state has been described for Campylobacter jejuni and two of its phages (87), while the
persistence of phages of the recently established order Crassvirales (88, 97) and their bacterial hosts
has also been suggested to involve a population-level carrier state (83).

The temporal stability and persistence observed in the gut would suggest that temperate bac-
teria dominate the gut microbiome. Contrary to this, a large proportion of the gut phageome
is composed of the virulent Microviridae, as well as viruses previously classified as Podoviridae,
and Crassvirales (29, 31, 81). It is possible that alternative phage-bacterial host interactions play
a larger role in the gut microbiome than currently anticipated, with benign interactions main-
taining population stability. This shifts the view of phages as primarily predators of bacteria to
participants in a more mutualistic relationship, in which both partners can benefit (85). In addi-
tion to this, spatial heterogeneity (56), host resistance, and phage counter-resistance mechanisms
(32) and various abiotic and biotic factors along the gastrointestinal tract can all influence the
maintenance of bacteria-phage populations and interactions.

BIOLOGICAL FACTORS CONTRIBUTING TO PHAGEOME VARIATION
Age

While the concept of a healthy core phageome has been examined in adults, it varies quite ex-
tensively over an entire life span. Phage populations in infants are quite unstable and dynamic,
reflecting the early establishment of the gut bacteriome (the bacterial members of the gut micro-
biome). Epifluorescent microscopy analysis of meconium and stool samples from the first days of
life reveal very few or no VLPs (11, 53). In the first month of life, the infant virome undergoes a
dramatic expansion, reaching up to 10° VLPs per gram of stool, which is consistent with counts in
healthy adults (11, 39). Viral richness has in general been observed to increase over time from birth
and strongly correlates with bacterial richness and diversity (6, 53). However, Lim and colleagues
(54) noted a steady decrease in both phage richness and diversity in fecal samples taken from in-
fants and children over a period of two years. During the first year of life, the gut bacteriome has
been described to go through three developmental phases, described as gut microbiota maturation
stages. This has been characterized by shifts from Escherichia to Bifidobacterium and then to Bac-
tervidetes (5). It has been observed that over 60% of early infant phages associate with one of these
gut microbiota maturation stages (6). Clostridia have also been noted to continuously increase in
relative abundance over the first two years of life (54). Phages previously classified as Siphoviridae
and Myoviridae, along with eukaryotic viruses, tend to dominate in infants but steadily decline
in absolute abundance into childhood (31, 92). Corresponding with the abundance of Siphoviri-
dae phages, the vast majority of phages identified in infant stool samples have been predicted to
have a temperate lifestyle (6). The relative abundance of these temperate phages also reduces over
time, with mothers having a significantly lower level compared to their infants. This reduction,
together with strong temporal correlations of phages and their bacterial hosts, has supported the
hypothesis that the initial viral colonizers of the infant gut are prophages that excise from their
bacterial hosts (6, 53). Although lytic Crassvirales are the most abundant phages in the adult gut,
they are only present at a low abundance in the infant gut, often remaining absent in reads from
fecal samples (6, 31, 53).
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While several studies have focused on the dynamics of the infant gut virome, less attention has
been given to the viromes of healthy children. In an analysis of gut viral richness across different
age groups, using data sets from several studies, Gregory and colleagues (31) found that viral
richness is lowest during childhood, before significantly increasing into adulthood. However, in a
study on the gut virome of Danish children and adults, this significant increase in viral richness
could not be recapitulated (98). Limitations in both papers, including uneven sample sizes (31) and
a lack of data from young adults (98), may have contributed to the discrepancies in these results.
During the transition from childhood to adulthood, the previously dominant phages classified as
Siphoviridae and Myoviridae are outcompeted by Podoviridae, Microviridae, and Crassvirales (31).
Bacterial composition remains relatively stable during this period, although slight shifts in the
relative abundances of the phyla Bactervidetes and Actinobacteria, with an increase in the former and
a decrease in the latter, have been observed (71). A longitudinal study of ten healthy adults over a
period of one year saw a similar persistence of phage families, although phages previously classified
as Podoviridae were less abundant (81). In general, age appears to have a positive correlation with
virome diversity, increasing from young adults to elderly adults in a Japanese cohort (69). However,
in Western populations, this positive correlation is lost: Phage populations begin to decrease again
as people reach old age. This is with the exception of Crassvirales, whose abundance continues to
increase across the life span and appears to be at its highest in the elderly population (31). In an
analysis of the gut viromes of over 4,000 Japanese individuals, age was shown to have the strongest
association with the virome among 232 host and environmental factors analyzed. One hundred
and seventy-six viral operational taxonomic units were significantly associated with age. Among
these, phages of Ruminococcus, Faecalibacterium, and Clostridium were enriched in elderly people,
while a viral cluster (VC) of Bifidobacterium-related phages were associated with young adults and
steadily decreased with age (69).

Diet

It is well established that diet has a significant impact on the bacteriome. High-fat and Western
diets, which have been associated with obesity, cardiovascular disease, and type 2 diabetes, have
been shown to negatively impact bacterial gut diversity and function. Other diets associated with
health, such as gluten-free, vegan, and vegetarian diets, have also resulted in differing bacterial
compositions (95). Given the influence of diet on the abundance and diversity of phage hosts, it is
a fair assumption that diet will exert similar influences on the phageome.

In infants, differences in phageome composition have been observed based on whether the in-
fant was fed formula or breastfed. Specifically, temperate phages of Bifidobacterium and Lactobacillus
are increased in breastfed infants, with a corresponding enrichment of their hosts (53). In an anal-
ysis of the viromes of 930 healthy Chinese adults, diet was found to have a significant effect on
virome variation, with 22 dietary components contributing to significant variation. One hundred
and thirty-seven correlations between dietary components and viral species could be made (106).
Similarly, diet contributed to virome variation in Japanese individuals, with products such as milk,
coffee, and fruit significantly associated (69). The interplay of ethnicity, diet, and virome varia-
tion was also highlighted in the former study (106). Bacteroides phages were noted to be enriched
in the viromes of the Zang ethnic group as compared to the five other ethnic groups analyzed
in this study. Butter milk tea and barley were predominant features in the diets of ethnic Zang,
with barley significantly correlating with Bacteroides phage and butter milk tea being the primary
contributor to bacterial variation (106). A limited number of studies involving deliberate dietary
intervention have suggested that diet can have some effect on the composition of the virome. Im-
plementation of a week-long gluten free-dietin 11 healthy adults resulted in shifts in phage family
abundance, decreasing phages previously classified as Podoviridae and increasing Crassvirales. At
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the viral genomic contig level, the number of shared contigs among individuals increased during
a gluten-free diet (29). A study of high- and low-fat dietary interventions also gave rise to the idea
that a shared diet can increase similarity in gut virome composition (63). A high-fat diet in mice
significantly depletes phages previously classified as Siphoviridae (77). Concomitant with this is
a significant reduction in integrase genes. Given that a high proportion of phages classified as
Siphoviridae have a temperate lifestyle, these results suggest that a high-fat diet may shift the core
virome toward expansion of lytic phage. However, this contrasts with findings by Kim & Bae (44),
who observed an expansion of temperate phages previously classified as Caudovirales in mice on
a high-fat, high-sucrose diet. Both fructose and short-chain fatty acids have been shown to acti-
vate prophage induction from Lactobacillus reuteri in the gut of mice (72). This induction appears
to be partly due to the activation of stress responses in L. reuteri. In addition, many common di-
etary components were demonstrated to result in prophage induction from several gut bacteria
(9), highlighting the potential influence that diet can exert on both the gut phageome and the
microbiome as a whole.

Geography

Several recent studies have consistently noted differences in gut phageome composition based on
geographical location (12, 65, 98, 106). Two of the most prevalent phage genomes identified in a
Danish cohort, a Crassvirales phage and a newly identified LoVEphage, were also recognized to
be prolific worldwide. However, their abundance differed by location (98). The Crassvirales phage
was found to be more abundant in healthy people in Asia and Europe than in healthy people in the
United States and Africa. The LoVEphage was more prevalent in healthy Europeans and Ameri-
cans than in healthy Asians and Africans. Thirty-seven other prevalent phage genomes were also
significantly associated with geographical location, being found most commonly in Europeans
(98). Similarly, another recently uncovered, highly abundant phage clade, Gubaphage, is most
prolific in Europeans and absent in samples originating from South America (12). The relative
abundance of ten candidate genera of Crassvirales varies significantly depending on geographical
location. The most prevalent in Western populations is candidate genus I, which contains pro-
totypical crAssphage (p-crAssphage) (named after the cross-assembly software originally used to
identify it), and candidate genus III (12, 33). In Africa and South America, candidate genera VIII
and IX are much more abundant. In the largest analysis of globally distributed p-crAssphage se-
quences, p-crAssphage was found to cluster based on geographical location (26). The gut viromes
differed significantly between individuals living in two different regions of China, Hong Kong
and Yunnan (106). All alpha diversity indices were significantly lower in the Hong Kong popu-
lation: They were depleted for several phages previously classified as Caudovirales while being
enriched for Microviridae. Urbanization also appears to play a role in variation, with significant
differences in virome structure between individuals inhabiting urban and rural regions of Yunnan.
The length of time spent in an urban region was also positively associated with several phages,
including phages of lactococci and lactobacilli (106).

In a study examining diarrheal disease in an Indian cohort, individuals dwelling in the urban
region of Nagpur had a less diverse virome than those living in the rural area of Melghat (65).
It was also found that geographical location exerted more of an influence over virome variation
than diarrheal disease did. It was also found to have an impact on gut virome alterations in obese
patients from China. Obesity appeared to have more of an effect on the gut virome of individuals
living in Hong Kong than it did on the Kunming cohort. There was a significant reduction in gut
viral richness and diversity in obese Hong Kong individuals, but this significance was lost in the
individuals from Kunming (100).
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With geography demonstrated to have a considerable impact on the gut virome, it would be
prudent to characterize the composition of healthy gut viromes across the world. Currently, gut vi-
rome studies are biased toward Europe and the United States, while coverage of Asia is dominated
by studies focused on China and Japan. Studies focusing on South America and Africa are lacking.
In recent efforts to characterize the viromes of indigenous populations in Malaysia, researchers
found that their virome composition was markedly different from other viromes worldwide (49).
A focus on analyzing the gut viromes of individuals from Bangladesh resulted in the discovery of
Lak phages, termed megaphages due to their extremely large genomes (>540 kb) (24). Prevotella
species dominated in individuals in which these phages were identified, and these bacteria were
identified as likely Lak phage hosts via CRISPR targeting. Prevotella is prevalent in indigenous
and non-Western microbiomes, which is attributed to the consumption of a high-fiber, low-fat
diet (35). This discovery highlights the importance of moving away from a Western-dominated
view of the gut phageome.

PHAGEOME VARIABILITY IN DISEASE
Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a term used to describe two chronic inflammatory conditions
of the gut: ulcerative colitis (UC) and Crohn’s disease. Although there is no known etiology, some
causative factors have been linked, including genetics, diet, environmental exposures, and gut
microbiome composition (46, 60, 103). A handful of studies have focused on changes to the gut
virome in IBD patients, where alterations to the phageome have been observed, but the variations
noted differ between studies. The most consistent observation is the increase in abundance of
phages previously classified as Caudovirales in individuals with IBD, whether this be in relation
to healthy controls (70, 99, 105) or in comparison across disease type (27), although no expansion
of these phages has also been noted (52). An increase in the richness and diversity of phages
previously classified as Caudovirales has also been reported (17, 70), while Zuo and colleagues
(105) observed a significant reduction in the richness and diversity of phages previously classified
as Caudovirales. The viromes of mucosa samples taken from the rectum were examined here,
rather than fecal samples, highlighting how sample sites can also contribute to variation. Multiple
studies have also reported an altered ratio of the abundance of phages previously classified as
Caudovirales to that of Microviridae: The relative abundance of phages previously classified
as Caudovirales is significantly increased in IBD patients (52, 70). A large quantity of phages
previously classified as Caudovirales have been identified to be enriched and associated with IBD.
Most commonly these have been phages of Lactococcus, Lactobacillus, Clostridium, Enterococcus, and
Escherichia (40, 52,70, 105). Imai and colleagues (40) observed a significant increase in abundance
of Crassvirales in Crohn’s disease patients. It should be noted that this pattern was observed in
a cohort of only 19 patients. In contrast, an analysis of Crassvirales and their association with
diseases found that 19 genus-level clusters of Crassvirales were significantly depleted in a cohort
of >2,000 IBD patients (34). In addition, Clooney et al. (17) identified a depletion of a Crassvirales
VC to be associated with a shift to IBD status.

Many studies use the viral-like sequences identified at the species level to determine virome-
specific changes in disease. However, interpersonal gut virome variation can result in changes to
the virome being masked at this level of analysis. In addition, often only those viral sequences that
can be taxonomically assigned are used for analysis, despite this being as little as just 5% of the
total in some studies (76). To address this, Clooney et al. (17) reanalyzed the data from Norman
et al.’s study (70) and reduced taxonomic resolution by clustering viral sequences to family level
(8). The majority of VCs found to be significantly increased in IBD patients were predicted to
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contain temperate phages, while the highly abundant VCs in controls were largely lytic in nature
(17). Similarly, Sinha et al. (86) observed that an inoculum of pooled VLPs from UC patients
contained a significantly higher proportion of temperate phages than that of healthy controls.
These data suggest that in IBD patients, the core virome of virulent phages associated with healthy
individuals (81) shifts to being predominantly temperate. It is likely that stressors associated with
the inflamed environment of an IBD gut result in prophage induction. Importantly, this shift in
composition was not detectable when analysis was performed at species level.

In addition to phageome variation, Zuo et al. (105) reported an increase in Chrysochromulina
ericina virus and Mimivirus, two giant eukaryotic viruses of the family Mimiviridae, in their UC
cohort. However, the use of 0.22-um filters, followed by lysozyme and chloroform treatment
during VLP extraction, means that the likelihood of Mimivirus, with a capsid size of 0.5 pm,
ending up in the extracted VLPs is extremely low (89). However, other studies that have used
similar filter size and treatment steps have also reported the presence of Mimiviridae in the gut
virome (77, 100). The presence of these viruses likely reflects incorrect taxonomic assignment (89)
and highlights one of the challenges of characterizing the human gut virome. It is also possible
that virophages, which are known to infect Mimiviridae and carry Mimiviridae-like elements, are
present and contribute to incorrect taxonomic assignment (73). Any correlation made between
Mimiviridae and IBD or other diseases should be interpreted with caution.

Recent work in mice has hinted at a more direct role of altered phages in IBD. The addition
of E. coli phages to the drinking water of specific pathogen-free mice was shown to exacerbate
the severity of induced colitis. Phage interaction with the immune system, mediated by IFN-y
induction, resulted in this increase in inflammation. These in vivo findings were further validated
when VLPs isolated from patients with active UC disease were shown to induce IFN-y production
from CD4* T cells (30). Similarly, mice colonized by bacterial communities from UC patients had
increased proinflammatory cytokines and exacerbated colitis, when they underwent gavage with
pooled VLPs from UC patients (86). In addition, UC VLPs were found to have an effect on the
UC bacterial community, including reducing the relative abundance of Eubacterium limosum and
increasing the relative abundance of Escherichia and Shigella species. E. limosum has previously
been shown to improve experimental colitis symptoms (42), while pathobiont strains of E. coli
are frequently implemented in IBD development (64). Taken together, these findings suggest a
tripartite role of bacteria, phages, and the immune system in IBD development.

Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder, estimated to affect up to
21% of the general population worldwide (16). Despite links to various host and environmental
factors, there is no identified causative factor. Diagnosis is based predominantly on symptoms and
by exclusion of other inflammatory diseases. Rome IV criteria divide it into four clinical subtypes
based on the primary symptoms: diarrhea (IBS-D), constipation (IBS-C), a mix of diarrhea and
constipation (IBS-M), or unclassified (IBS-U) (48).

Four recent studies examining the gut virome in IBS patients have consistently reported varia-
tions to the gut phageome (3,19, 50, 62). In general, IBS patients have a less rich and diverse virome
compared to controls (3, 19), although Mihindukulasuriya et al. (62) did not find any difference
in alpha diversity metrics. Coughlan and colleagues (19) reported that gut viromes of IBS-D and
IBS-M but not IBS-C patients remained significantly less diverse than those of controls. Ansari
and colleagues’ (3) data set also contained these subtypes, while Mihindukulasuriya et al. had a
data set of IBS-C and IBS-D patients only. Differences in subtypes may account for the differing
diversity metrics reported and highlight how variation, even within the subtypes of disease, can
influence reported results.
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Coughlan et al. (19) identified ten VCs that were differentially abundant between IBS patients
and controls. Seven were of reduced abundance in IBS patients, including two VCs previously
classified as Siphoviridae and one previously classified as Podoviridae, while one VC previously
classified as Podoviridae and one previously classified as Siphoviridae were increased in the IBS
cohort (19). At the viral species level, Mihindukulasuriya et al. (62) also identified variation in abun-
dance of ten phages classified as Siphoviridae, Myoviridae, Podoviridae, and Microviridae. They
noted that an increase in these phages could also be stratified by IBS subtype. Li et al. (50) reported
that the enrichment of viruses in IBS patients correlated with an enrichment of bacteria and that
the same pattern occurred for the depletion of viruses and bacteria, signaling a possible interlinked
role for the two in IBS. Unlike the latter three studies, Ansari et al. (3) did not find any significant
alterations to the phageome. Instead they noted an increase in abundance of several large eukary-
otic viruses such as Pandoravirus salinus and Herpesviridae and a decreased abundance of several
eukaryotic viruses that typically infect hosts other than humans, such as plants and amoebae.

The shift from a dominant virulent core to one that is predominantly temperate that is noted
to occur in the gut phageome of patients with IBD (17) was not observed for patients with IBS
(19). This emphasizes that despite IBD and IBS being somewhat similar symptomatically, there are
likely different alterations and etiological factors at play. A couple of these studies were limited by a
relatively small cohort of IBS patients, so that splitting by IBS subtype was not feasible. Given that
there have been several indications that the IBS subtype contributes to variation, future studies
should consider inclusion and analysis of all subtypes. Investigation into the link between the gut
virome and IBS is still in its infancy, and future studies will hopefully elucidate whether changes
are a causative factor of IBS or occur simply as a consequence of the disease.

Colorectal Cancer

Colorectal cancer (CRC) is the third-most common cancer diagnosis. Development of this can-
cer is complex and believed to be multifactorial, with risks including genetic and environmental
factors and lifestyle choices (23, 59). Alterations to the gut microbiome are increasingly recog-
nized as an important environmental risk factor. Significant deviation to overall virome structure
has been observed in CRC patients (28, 80). In general, viral diversity and richness appear to in-
crease in CRC patients (66, 80, 107), although in some studies alpha diversity metrics were not
able to detect any differences (28, 36). Despite this, every gut virome study of CRC patients has
identified virome signatures associated with CRC, the majority of which are a result of changes
in phage composition. In general, enrichment of phages classified as Siphoviridae, Myoviridae,
Podoviridae, Drexlerviridae, and Inoviridae was identified to be driving this signature (36, 66, 107).
Nakatsu and colleagues (66) reported that phages from the genera Inovirus and Tunalikevirus were
the greatest discriminators between people with CRC and healthy controls. Gao et al. (28) iden-
tified an increase in abundance in phages infecting Escherichia and Salmonella in CRC patients,
while p-crAssphage and Enterobacteria phage were depleted in these patients when compared to
those in healthy controls. Enrichment of a Parabacteroides phage was also associated with a mutated
KRAS gene, a frequently mutated gene in CRC that is linked with poorer prognosis and recovery
(28, 61). Herelleviridae, a relatively newly identified family of phages that infect Bacillota (formerly
Firmicutes), are also noted to be diminished in CRC patients (4, 107).

Whether these shifts in phage composition are directly involved in CRC etiology is unknown.
Enrichment of Inoviridae in CRC is intriguing, as they have been linked with biofilm development
(78), a factor that has been associated with progression of CRC (22). Changes in a number of key
bacterial species have been linked to CRC, some of which have proposed mechanisms for CRC
progression. Enrichment of Fusobacterium nucleatum has been most commonly identified in several
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studies (37). This bacterium has the ability to promote tumorigenesis through the invasion of
damaged gut epithelial cells and interacting with Toll-like receptors in the tumor cell (45). Expan-
sion of enterotoxigenic Bacteroides fragilis, E. coli carrying the polyketide synthase gene, Parvimonas
micra, and bacteria of the genera Porphyromonas and Peptostreptococcus has also been commonly
reported (15). These bacteria are potential hosts to several of the phages previously noted to
be enriched in CRC (28, 66). In addition, Shen et al. (80) identified phages of E nucleatum and
P, micra as potential biomarkers of CRC. This suggests a possible interlink of bacteria and phage in
the development of CRC. On the other hand, a low correlation in the abundance of the identified
influential bacteria and phages has been noted (36). This has led to one hypothesis that alterations
to the phageome indirectly impact CRC development. This would be through altering the previ-
ously stable bacterial community, providing the opportunity for the expansion of bacterial drivers
of CRC (36). In a study analyzing gut virome changes during induced tumor formation in mice,
phages of the genera Brunovirus and Hpunavirus were positively associated with tumor growth,
hinting at a possible more direct involvement in CRC development (51). While these alterations
in the phageome highlight the possible use of these phages as CRC biomarkers, further studies are
required to elucidate the extent of the role of the phageome in CRC development and progression.

METHODOLOGICAL VARIATION

Itis evident that there is enormous variation in the human gut phageome of individuals. However,
many metagenomic studies focus their attention on changes that occur in the identifiable fraction
of the gut virome. The remaining unidentified component, termed “viral dark matter” (2), is likely
to have a large impact on many facets of the gut microbiome and as demonstrated by Clooney
etal. (17) can change the outcome of studies when it is included in analysis. Unlike 16S rRINA or
the chaperonin-60 (cpn60) gene in bacteria, viruses have no universal phylogenetic marker, leaving
researchers to rely on sequence homology searches of reference databases. The primary reference
database used, NCBI RefSeq, has only 11,598 viral reference genomes (as of September 2022).
Rapid mutation rates and mosaicism also lead to many highly divergent sequences unlikely to be
present in databases, further hindering identification. To overcome this, many studies incorporate
de novo assembly of reads, which investigators can then attempt to annotate and classify through
a combination of de novo and reference-based steps. The choice of assembler has also been shown
to impact virome identification and classification (90).

Perhaps the best example of the requirement to move away from using only reference-based
identification was the discovery of Crassvirales. They remained a component of the large uniden-
tified mass of viral reads until 2014, when the use of cross-assembly software (crAss) led to the
identification of p-crAssphage (25). Since then, a plethora of Crassvirales have been identified from
diverse environments (26, 101, 102). Highly prolific and widespread, they can account for over
86% of viral reads from some individuals and are a core component of the virome in healthy
adults (101). Recent efforts based on de novo assembly from globally distributed metagenomes
have led to the establishment of several human gut virome databases, expanding our knowledge
on both the abundance and diversity of gut virome genomes (12, 31, 67, 93). The establishment
of both these and future databases will be beneficial for alignment-based analysis. The assembly
of a catalog of gut virome databases has also led to the identification of several new phages. The
highly prevalent LoVEphage, named as such because it has lots of viral elements, was discovered
through the assembly of a Danish gut viral catalog (98). The assembly of the Gut Phage Database,
the largest amalgamation of gut phage genomes so far, led to identification of a clade of phage
named Gubaphage. With many similar features to Crassvirales, they were also found to be highly
ubiquitous, appearing in samples from all continents except for South America (12).
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Although suggestions of standard protocols have been put forward (18, 84), there is currently
no standardized approach to studying the gut phageome. This leads to inevitable variation in
results, as researchers adopt different protocols. It also hinders accurate comparisons across stud-
ies. There are two main methods through which viral sequences are isolated: () viral extraction
from stool and enrichment and () a bulk metagenomics approach. While bulk metagenomics
has the advantages of a simpler isolation protocol and capturing temperate phages, rare phages
are less likely to be recovered (75). Recent gut virome studies have seen an increase in the use of
bulk metagenomics (3, 20, 65, 94), and comparison between the two methods has demonstrated
that a greater number of viral sequences are detected from bulk metagenomics (31). Continuous
improvements to identification of viral sequences with bulk metagenomics (41) further increase
the appeal of this method. However, comparison of the two methods also shows only ~10%
of identified viral sequences shared between enriched and bulk viromes (31), highlighting how
the two methods select for very different portions of the virome. This also suggests that an
integrated approach of both VLP enrichment and bulk metagenomics should be used to capture
greater viral diversity and representation. In the enrichment and isolation of VLPs, there is often
a trade-off between maximizing the number of VLPs obtained and minimizing the amount of
bacterial contamination. Filters with a pore size of 0.22-0.45 pm are commonly used to reduce
bacterial contamination but at the loss of large and enveloped viruses. Chloroform can provide
further purification from bacterial cells but also results in the loss of some chloroform-sensitive
viruses. The use of RNase to remove free nucleic acids could potentially have a negative impact
on RNA viruses, leading to further bias toward enrichment of DNA viruses (1). In addition to
this, many studies do not include a reverse transcription step to include RNA viruses and focus
on the DNA portion alone. The recent expansion of metagenomic sequences predicted to be
RINA phages further suggests that the number of gut RNA phages is being underestimated (68).
Extraction and enrichment of nucleic acids often result in a low yield and require an amplification
step. Multiple displacement amplification is most often used in studies (31), despite being well
documented to introduce bias via amplification of ssDNA viruses. This is due to the preference
of the enzyme used, polymerase ¢29, to propagate ssDNA (43). It is likely to be a contributing
factor as to why some studies report a high relative abundance of Microviridae.

The choice of sequencing platform is also important, as sequencing depth, chemistry, and read
length can all further complicate the analysis of virome variation. This can be seen particularly
in some of the earlier IBD studies that were restricted by the sequencing depth of 454 pyrose-
quencing and therefore found limited changes to the gut virome (74, 99). Due to much lower
DNA concentrations being required, most gut virome studies use short-read sequencing plat-
forms. Short-read sequencing also has the advantage of allowing deep sequencing but can hinder
downstream analysis, as short reads can often lead to fragmented assemblies (91). The use of
long-read sequencing could overcome these assembly inaccuracies, but the requirement of a high
starting concentration of DNA limits its application in gut virome analysis. Recently, Lee et al.
(49) used an optimized PEG-precipitation protocol to achieve on average 20 ng/pnL of DNA from
fecal samples of indigenous Malaysians. This high starting concentration could be used for long-
read sequencing, which despite a lower sequencing depth was shown to improve the breadth of
coverage compared to short-read sequencing.

CONCLUSIONS

Many other biological and health and disease states have also been associated with alterations
to the gut phageome. Sex significantly correlates with the gut phageome, with males enriched
in phages that infect Megamonas and Prevotella while females have increased abundances of
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Faecalibacterium and Ruminococcus phages (69). Crassvirales have been found to be significantly
depleted in patients with two autoimmune diseases, rheumatoid arthritis and systemic lupus
erythematosus (94). Along with other phageome alterations, Crassvirales were significantly re-
duced in patients infected with SARS-CoV-2 (13, 57, 104). Phage VCs were significantly altered
in individuals with metabolic syndrome (20). At the same time, an analysis of 232 host and
environmental factors contributed only 0.6% of variance to the gut virome in a cohort of healthy
Japanese individuals. This was much lower than the 5% of variance of the bacteriome that could
be attributed to these factors (69), suggesting that there are still many unknown components
contributing to virome variation between individuals.

To understand alterations to the gut virome in disease states, it is vital that we have a clear
understanding of virome composition in healthy individuals. Currently our view of a healthy pha-
geome is predominantly based on Western adults. Data from children and elderly people are
lacking, as well as data from people in large portions of Africa, Asia, and South America. It is
important that future work focus on incorporating data from these under-sampled groups in or-
der to form as complete an understanding as possible of the gut phageome. This understanding is
also necessary because of the increasing use of phage therapy and other medical applications such
as fecal microbiota/viral transplantation.

Standardized protocols are required to enable cross study comparisons. At the same time, this
should not dissuade researchers from pursuing novel techniques, as these are likely to further
advance the field of gut virome research. Despite great progress in the last couple of years, gut
phageome research is still in its infancy, particularly compared to the efforts made in deciphering
the gut bacteriome. This is a dynamic field of research, and as methods improve and studies adapt
to improve gaps in gut phageome knowledge, it is likely that current views will change.
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