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Abstract: In this review, we assess our current understanding of the role of bacteriophages infecting
the human gut bacterial community in health and disease. In general, bacteriophages contribute to
the structure of their microbial communities by driving host and viral diversification, bacterial
evolution, and by expanding the functional diversity of ecosystems. Gut bacteriophages are an
ensemble of unique and shared phages in individuals, which encompass temperate phages found
predominately as prophage in gut bacteria (prophage reservoir) and lytic phages. In healthy
individuals, only a small fraction of the prophage reservoir is activated and found as extracellular
phages. Phage community dysbiosis is characterized by a shift in the activated prophage
community or an increase of lytic phages, and has been correlated with disease, suggesting that a
proper balance between lysis and lysogeny is needed to maintain health. Consequently, the concept
of microbial dysbiosis might be extended to the phage component of the microbiome as well.
Understanding the dynamics and mechanisms to restore balance after dysbiosis is an active area of
research. The use of phage transplants to re-establish health suggests that phages can be used as
disease treatment. Such advances represent milestones in our understanding of gut phages in
human health and should fuel research on their role in health and disease.

Keywords: gut microbiome bacteriophages; gut microbiome phages; gut prophage reservoir;
healthy gut phages

1. Introduction

The human gut is home to one of the most densely populated known microbial communities
known and is required for human health. Human cells, microbial cells (which include bacteria,
archaea, protozoa, and fungi), and their viruses coexist in a dynamic equilibrium in healthy
individuals [1]. In the gut, the most abundant members of the microbiome are bacteria and their
bacteriophages [1]. Even though individuals have relatively distinct gut microbial communities at
lower taxonomical levels [2], a general concept of a healthy microbiome has emerged [1,3]. The gut
microbiome of healthy adult individuals is a succession of “steady-states” characterized by high
resilience (ability to return to an equilibrium state after a stress-related perturbation; Box 1) [3-5], a
conserved functional profile independent of taxonomic membership [3,6-8], and a common structure
at the phyla level [3,9], in which Firmicutes and Bacteroidetes are the dominant members. A dysbiotic
state, characterized by an altered microbiome community structure that departs from a balanced
ecology, has been correlated with multiple diseases and conditions [1,3,9-11]. Currently, research
efforts are directed towards understanding the processes that lead to gut dysbiosis and how
equilibrium can be re-established in order to maintain health.
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Since the discovery of phages by Felix D’Herelle 100 years ago, human-associated
bacteriophages have been largely studied from a disease perspective in the context of single
pathogenic bacterial species [12], either as treatment to eliminate a bacterial disease or as
pathogenesis-determinant vectors for bacteria [13,14]. However, bacteriophages are not always
associated with disease. They are the most abundant entities on the planet, and are considered one
of the major drivers of the structure and function of microbial communities [15]. The increased
appreciation for the influence of bacteriophages in microbial communities has spurred extensive
investigation into the role that phages play in the human microbiome, and how they can ultimately
contribute to health or disease [16].

It has been proposed that a shift in the gut bacteriophages community composition can
contribute to the shift from health to disease [11,17,18]. We refer the reader to excellent reviews on
the subject [17-20]. However, the specific role and effect of phages beyond correlation in health and
disease remains to be determined. Despite advances in understanding the positive contribution of
bacteriophages to human health [20], the detailed phage-microbe dynamics that take place during
healthy “steady-states” of the microbiome remain elusive, and deserve further investigation.

In this review, we describe our current understanding of the gut phage community. We examine
the role of phages in shaping the microbiome structure from birth to adulthood. We highlight some
of the potential dynamics that can contribute to a resilient and balanced coexistence of bacteria and
their phages during “steady-states” of a healthy adult microbiome. Specifically, we focus on the
balance between lysis and lysogeny and its potential impact on health. We also revisit the early ideas
of phage therapy, albeit applying them at the whole community scale, and explore the possible use
of bacteriophages to recover the necessary structure of the microbiome and reestablish health.

2. Outcome of Phage-Bacteria Interactions

The fate of a bacterial cell upon infection with a phage can be either cell death (lysis), or
temporary symbiosis (lysogeny, chronic infections). Lytic phages (also known as virulent phage),
introduce their viral genome into the cell, undergo replication, and lyse their host cell to release the
progeny virions. Lysogenic phages (also known as temperate phage), after introducing their DNA
into the host cell, can either undergo lytic replication or integrate their DNA in the bacterial
chromosome and replicate passively with their host without producing any virions [21]. The
integrated phage is known as a prophage. In response to certain triggers, the prophage can become
activated and switch to the lytic cycle. In pseudolysogeny, the DNA is maintained as an episomal
element. Once favorable conditions arise, the phage begins either the lytic or lysogenic cycle. It is
thought that this mechanism can lead to persistent infections and might contribute to phage survival
during unfavorable growth conditions in natural environments [22,23]. It has been proposed that
Bacteroides and Escherichia species can be infected in this manner in the gut [24,25]. Finally, chronic
infections involve the release of virions without killing the infected cell [26]. To our knowledge, the
incidence and consequences of chronic bacteriophages in the gut has not been explored.

Phages influence microbial community structure and function through various mechanisms [27-
31]. Density-dependent lysis of bacterial species in a microbial community (also known as Lotka-
Volterra dynamics [32,33]) promotes microbial diversity and evolution, and maximizes the efficiency
of resource usage by the community [27,29-31]. On the other hand, lysogeny can influence the
community composition through indirect benefits to the bacterial lysogen (prophage carrier bacteria)
and through horizontal gene transfer (HGT) of beneficial genes between hosts [18,34-39]. Prophage-
encoded selective advantages include: (i) protection from superinfection; (ii) release of activated
prophages from a subset of the lysogenized population that can subsequently lyse competing species;
(iii) prophage-encoded pathogenesis determinants such as toxins or host adherence factors; (iv) genes
that increase fitness of the lysogen under certain conditions; and (v) reducing the substrate utilization
by its host [13,35]. Unfavorable conditions and low host density are parameters known to primarily
select for phages which undergo lysogenic replication, both under laboratory conditions and in
complex environments [35,40]. Recently, examination of natural bacterial communities has shown
that increasing host densities might select for the strategy of lysogeny as well [41].
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To fully understand the role of phages in shaping the gut microbial community structure, one
needs to consider four major influences of the system: the human host and its immune system, the
structure and function of the microbial community itself, the environmental inputs, and the gut viral
community (both eukaryotic and prokaryotic). Both the role of eukaryotic viruses and the interactions
between the immune system and viruses have been studied and reviewed elsewhere [42—47].
Although the role of the host immune system in shaping the phage community and the role of
external factors is not the focus of this review, it is important to note that these factors play an

important role as well (Figure 1).
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Figure 1. Major factors influencing the structure, function, and dynamics of the gut phage community.
Factors that can influence the phage community and serve as a source of phages are marked in thick
black circles. Factors that only influence the viral community composition are marked in grey.

3. Development of the Gut Phage Community

The microbiome structure of healthy newborns evolves in the first 2-3 years of life from a near
sterile environment towards a diverse adult-like microbiome that is maintained throughout
adulthood, until age-related changes progressively promote composition changes towards an
elderly-like microbiome (Figure 2) [48,49]. Breitbart et al. carried out the first study of infant gut
bacteriophages from 1 week to 3 months of age, and showed that the viral diversity in newborns was
extremely low and dynamic [50]. More recently, two studies examined the dynamics of viruses and
the microbiota during the first 2 and 2.5 years of life, respectively [51,52].
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Figure 2. Schematic representation of the gut phage community development with age. Individuals
are colonized early after birth, within 04 days after birth (DOB). During the first days of life, the
diversity of the phage community is high and the microbial community abundance and diversity is
low [51]. A reduction in Caudovirales diversity leads to an expansion and a shift in the microbial
community composition and an increase in Microviridae phage diversity and abundance. A relatively
stable phage community is maintained during the adult life. Changes in the phage community
associated with a shift towards an elderly-like microbial community are unknown.
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These analyses showed that the gut is colonized by phages quickly after birth (1-4 days), that
gut phages are more similar between infants than between adult individuals, and that the phage
community undergoes considerable changes early in life [51,52]. There is a slight decrease in double
stranded DNA (dsDNA) phage diversity, specifically of Siphoviridae phages, and an increase in single
stranded DNA (ssDNA) phage diversity in infants compared to adults [51,52]. Lim et al. showed that
the phage community richness is highest in the first 1-4 days of life. The authors hypothesize that the
community undergoes reverse Lotka-Volterra dynamics, in which the initial high diversity of
bacteriophages is not supported by the low microbial abundance, leading to a collapse of the phage
diversity and the predatory pressure [51]. Consequently, an increase in the microbial abundance and
a shift in the community composition drives a shift in the phage community composition as well [51]
(Figure 2). The authors could not determine the provenance of the phages or their lifestyle. They
venture that phages might be transmitted from the mother to the baby through the placenta [51].
Another possibility could be the transmission of phages through the mother’s breast-milk, although
Breitbart et al. demonstrated that the most abundant phages in infants were not found in breast milk
nor formula. An important source of phages early in life is activated prophages from the microbial
community [50,53,54]. A recent study identified and analyzed prophages from Bifidobacterium
species, a dominant member of the infant microbiome, and showed how they can deeply impact the
infant gut microbiota development [55]. Little is known about how bacteriophages influence the shift
from the adult to the elderly microbiome.

Disruption in the proper gut phage community development has been correlated with a higher
risk of disease onset. A study by Reyes et al. compared the virome of healthy twins, and twins
discordant for severe acute malnutrition (SAM) during their first 2.5 years of life [52]. The virome in
individuals that suffer SAM is significantly less variable during the first years of life than that of
healthy individuals. However, only one of the twins showed disease symptoms, suggesting that a
healthy phage community development towards an adult-like community is important in
maintaining health, but its disruption is not enough to result in disease. However, this work provided
a set of valuable viral markers (including both prokaryotic and eukaryotic viruses) that can be used
to identify at-risk populations. Deep sequencing and analysis of whole community metagenomes
using novel metagenomics methods has proven useful in the characterization of bacterial species at
the strain level and associated phages in young infants. Applying these methods to understand health
and disease-related phage-host candidates will be valuable to understand the proper development
of the gut phage community [53,54].

4. Characteristics of the Adult Gut Phage Community

The diversity of phages associated with the adult human gut has been examined both through
transmission electron microscopy (TEM) of virus particles isolated from stool samples and
metagenomic analysis. It is important to note that the virus particles in the feces predominantly
represent extracellular temperate phages (prophages that have become activated and lysed their host
upon virion release) and lytic phages (Figure 3). For brevity, phage particles found within stool
samples will be referred to as EC-phages (phages found as extracellular particles). Recent studies
aimed at optimizing phage particles (PPs) extraction from stool samples have reported higher PP
counts than previously thought. Individuals have between 10°-10" particles per gram of feces (dry
weight) compared to 10""-10"2 bacteria [56,57]. In fact, Hoyles et al. hypothesized that due to
inefficiency in the purification process, the actual phage concentration in feces could range between
1010-10"2particles/g of feces [57]. A significant number of these phages are associated with the mucosal
gut membrane [58,59]. Even taking into account more accurate PP counts, the virus to microbe ratio
(VMR) in the gut is still significantly lower compared to other microbial communities [41]. TEM
analysis revealed primarily Myoviridae, Siphoviridae, and Podoviridae-like morphologies characteristic
of phages from the Caudovirales order [56,57].
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Figure 3. The adult gut phage community in health and disease. Bacteriophages found in human stool
are an ensemble of lytic phages and activated prophages that arise from a larger prophage reservoir
found in the gut microbial community. It has been proposed that the increase in phage diversity in
inflammatory bowel disease patients comes from activation of a larger fraction of the prophage
reservoir, which in turn leads to a decrease in bacterial diversity [11]. An increase of lytic phages has
also been correlated with disease [60], suggesting that a proper balance between lytic phages and
activated prophages is important to maintain health.

Metagenomic analysis of whole community and EC-phages provides a broader understanding
of the actual community diversity. EC-phage metagenomes demonstrate the individuality and
stability over time of gut phages [61-64]. The bacteriophage community is dominated by dsDNA and
ssDNA phages. The majority of RNA viruses found in the gut are plant and human viruses [65], with
only a limited number of RNA gut bacteriophages being described in primate metagenomes [66].
RNA coliphages have been isolated from the gut at very low titers [67], compared to other coliphages
[60] or Bacteroides phages [24]. Generally, the phage community consists of a few dominant DNA
phage types, with a tail of less abundant phages [62]. The most abundant phage types can represent
more than 15% of the total phage community [62]. Most of the phages that can be taxonomically
classified are from the Caudovirales order [56,61-63], and the Microviridae family.

Even though representation of gut phages in public databases is increasing, approximately 50%
of the sequences cannot be classified (Figure 4). Methods to overcome the low rate of classified
sequences have been developed. For example, phage genome [64,68] and phage protein-cluster
analysis [69-71], or the recently developed Homologous Virus Diversity Index (HVDX) [72] reduce
the data complexity and enhance virus classification of metagenomic datasets. These methods,
similar to other analysis pipelines such as PHACCS (Phage Communities From Contig Spectrum)
[73], can also be used to analyze the diversity of the phage community. For instance, HVDX
determines the diversity of the phage community after genome-based similarity analysis and
binning. Overall, this type of analysis reduces the diversity estimates that single contig-based
analysis provides [64,68,71,74]. Part of the inability to classify more gut viruses can be explained by
the underrepresentation of Firmicutes and Bacteroides phages in public databases [19]. Some of the
most used metagenomic analysis pipelines for viral metagenomes are MetaVir [75], Virome [76], and
Megan [77]. Waller and colleagues attempted to increase the accuracy of phage taxonomic
classification and quantification by identifying phage-specific orthologous protein groups [78]. These
include several quantitative taxon-specific maker genes that can be used to classify bacteriophage
sequences within whole community and EC-phages metagenomes. They were able to identify 15
different bacteriophage taxa (mostly at the genera level) in human gut metagenomes. The most
abundant taxa are podovirus, myovirus, and siphovirus, and their abundance varies between
individuals [56-57,79].
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Figure 4. Bacteriophages in adult healthy individuals. The bacteriophage community of adult
individuals is composed of members of the Caudovirales order, the Microviridae family and a large
fraction of unclassified phages. Healthy individuals contained a relatively unique phageome and a
set of shared phages between individuals that is globally distributed (<5% of total phageome). This
set of shared phages has been correlated with health and proposed as the healthy gut phageome
(HGP).

Analyses which have expanded our knowledge of Microviridae phages have increased our
appreciation for their importance and abundance in the adult gut phage community [51,52,79,80].
Microviriade phages are ssDNA phages, with a small genome size, typically between 4-7 kb that are
currently divided into four groups: Microvirus, Pichovirinae, Alpavirinae, and Gokushovirinae. The two
latter groups are highly associated with the gut microbial community [80]. Despite the initial
categorization of Microviridae as lytic phages, some have been identified as prophages of Bacteroides
and Parabacteroides species [80,81]. The decrease in the Microviridae:Caudovirales ratio has been
correlated with diseases such as inflammatory bowel disease (IBD), suggesting that Microviridae
phages are important for health [11]. Importantly, a significant fraction of EC-phages is classified as
temperate phages.

Even though the gut phage community is stable over time and is for the most part unique to an
individual, global analyses of gut metagenomic datasets across the world have revealed that there is
a globally distributed phageome [52,64,82-85]. On a small scale, it has been observed that individuals
that share living spaces tend to have more similar phages [86]. Some of these shared phages are
transmitted between household members. Individuals that are not undergoing antibiotic therapy are
more frequently the source of these transmissions [87]. Moreover, a recent study analyzing the Earth’s
virome showed that 83% of the gut viral sequences were found in at least two individuals, and 30%
were found in more than 10% of the metagenomes (148 human stool metagenomes) [82]. A similar
trend was observed in more limited studies that support the existence of a reservoir of common
phages (Box 1) [52,64,83-85]. One of the most globally distributed phages is the novel phage termed
crAssphage which was found in 73% of all the fecal metagenomes analyzed (450) [83]. A separate
study, aimed at understanding poorly represented phages in EC-phages metagenomes, revealed a
group of Bacteroidales-like phages that is shared between individuals [84]. Moreover, these phages
could be used to classify individuals into four different viral-enterotypes (groups characterized by a
certain virus membership profile) based on the abundance profile of these phages in the 139 gut
metagenomes analyzed [84]. Overall, the gut phage community is an ensemble of phages with a
component that is unique to each individual, and a component that is shared by many individuals
(Figure 4). The presence of shared bacteriophages among healthy individuals raises the question of
what is their role in maintaining health.

Recently we carried out a study to characterize the extent of a global gut phageome and its
implication in health [64], and showed a correlation between shared phages and health status. In this
work, we combined ultra-deep sequencing of two healthy individuals with gut phage metagenomic
analysis of healthy and diseased individuals [11]. Using 4301 phages found in the two study
individuals, a set of 23 “core phages” was identified in more than 50% of healthy individuals from
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different geographic locations, and a set of 155 “common phages” was found in 20-50% of the
individuals. More shared phages were identified in the additional healthy phage metagenomes.
Importantly, both the percentage of individuals that carry each core phage and the percentage of total
core and common phages that each individual carried were reduced in individuals suffering from
IBD. Even though these phages represent only a minor component of the total community (<5%)
(Figure 4), their relation to health led us to propose the existence of a Healthy Gut Phageome (HGP;
Box 1). The existence of a prophage reservoir in individuals that is maintained over time and serves
as an important source for EC-phages (Figure 1) [17,60,85] led us to hypothesize that a fraction or the
totality of the HGP in healthy individuals can potentially arise from this reservoir. However, the
origin of the HGP and its role and mechanisms in contributing to the healthy structure of the
microbiome is unknown and is currently under investigation.

5. Towards an Equilibrium between Lysis and Lysogeny

The balance between lysis and lysogeny, and a differential spatial distribution of phages appears
to be correlated with health [11,60,88] (Figure 3). Local distribution of phages in the gut is altered in
dysbiotic states. Viral communities associated with the lumen and mucosal surfaces differ in healthy
mice. A greater increase of temperate Caudovirales in mucosal-associated phages compared to luminal
phages in obese mice results in the loss of these differences [89]. It has been shown that in leukaemic
diseases [60], and in IBD [88], individuals shed a higher number of EC-phages in their feces. This can
be due to either higher rates of lytic phage activity or higher prophage induction. Studies by Furuse
and colleagues focused exclusively on coliphages showed that most coliphages in leukaemic patients
were virulent, as opposed to a dominance in temperate phages in healthy individuals [60].
Additionally, Norman and colleagues hypothesized that the increased phage diversity in IBD
patients might be due to the activation of prophages [11]. A combination of whole community and
EC-phage metagenomic analysis has been used to determine the proportion of lytic versus temperate
phages in stool samples. The percentage of EC-phages which can be classified as temperate ranges
between 17-37% [62,85]. Because phage contigs generally represent incomplete phage genomes, these
numbers are only a lower bound. Waller et al. analyzed the abundance of whole community phage
taxa and prophage-reservoir taxa in 252 fecal metagenomes from 207 individuals, and determined
that the combined prophage reservoir of individuals was novel [78]. Moreover, a total of seven out
of 15 phage taxa from whole gut community analysis were found as predicted-prophages [78].
Additionally, the relative abundance of temperate phages in the community has been estimated by
quantifying the number of metagenomic reads associated with typical-lysogeny genes such as
integrases. These estimations depend on multiple parameters, and range from 25-50% of the EC-
phages as temperate [85,90]. This approach suggests that the contigs identified as temperate phages
comprise a significant percentage of the entire community. Additionally, in vitro studies have shown
a high proportion of temperate coliphages as well [60]. Consequently, the dominance of gut bacterial
communities by temperate phages has become a paradigm of the field. It has been proposed that the
reduction of the VMR ratio in high-density microbial communities can be driven by a suppression of
lysis and a switch to lysogeny [41]; however, Weitz and colleagues concluded that there is not enough
evidence to support these claims yet, and that further work is needed to characterize the relative
abundance and role of lysogeny in shaping dynamics within environmental and human-associated
systems [91].

Understanding the balance between lytic phages, activated prophages, and the total prophage
reservoir is important in understanding the healthy gut. Mills and colleagues proposed the
community shuffling model (Box 1) [17,18], which explains the shift from health to disease through
increased induction of certain prophages. Prophage activation is likely sensitive to stress, therefore
processes such as inflammation in patients with IBD are likely to result in an increase of prophage
activity (Figure 3). Determining activation dynamics of specific prophages during “steady-states”
may help to identify what is necessary to bring a community structure back to equilibrium from
dysbiotic states. A study aimed at investigating the active portion of the total prophage reservoir and
the level of prophage activation showed that: (i) prophage activation varies with time; (ii)
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approximately 24% of predicted prophages with a known host are active in at least two individuals;
(iii) an abundance of prophage-taxa is generally correlated with the abundance of activated
prophages; and (iv) a set of 50 active core prophages are found in more than half of the individuals
[78]. Furthermore, the activation levels of the 25 most abundant prophages predicted from reference
genomes showed no or a low level of induction for ~50% of the prophages, as indicated by the equal
abundance of prophage and host DNA (molar ratio 1:1). In ~40% of the cases, the abundance of the
prophages was less than the abundance of its host genome (molar ratio < 1), suggesting that the
prophage was absent in a portion of the host population. In the remaining 10% of the cases, prophages
were considerably more abundant (molar ratio > 1), suggesting prophage induction of a large portion
of the population or infection in a different host. These findings are consistent with a similar study
previously carried out by Stern et al. [85]. Prophages associated with reference genomes that
contained either antibiotic resistance genes or virulence factors were found to be activated at low
levels in almost all individuals [78]. These results suggest that prophages with beneficial genes for
the host are more likely to be maintained active within the community. Additionally, some prophage
taxa were related to multiple host taxa. This implies that the host with which a given prophage is
associated might be more important than the presence or absence of the prophage itself. Recent
studies have shown molecular mechanisms involved in controlling the switch between lysis and
lysogeny at the single cell level [21,23,92]. The importance of a carrier state of the temperate phage as
a non-integrated episome to maintain a stable coexistence of a phage and its host has recently been
shown [23], adding complexity to the studies of lysogeny. Combining molecular studies with whole
community and EC-phage analysis of phages correlated with health and disease will likely contribute
significantly to our understanding of the equilibrium of phages during health.

Among the various anti-phage defense systems that bacteria encode, such as restriction
modification systems or abortive infections [93,94], the CRISPR/Cas system may play a role in
lysogeny [95]. The CRISPR system is a phage defense system found in Archaea and Bacteria. Upon
phage infection, a small fragment of the invading phage genome of approximately 30 bp (known as
a spacer sequence) becomes incorporated into the bacterial chromosome in a CRISPR array [96]. This
spacer sequence is later used to recognize and destroy invading phages. A set of CRISPR spacers
targeting temperate phages has been identified [85,96,97]. In some cases, encoding for a spacer
sequence against a prophage will lead to cell death [98], however, both elements can occasionally
coexist [99]. For instance, recent work done by Goldberg et al. [95] shows that the type III CRISPR/Cas
system in Staphylococcus epidermidis tolerates lysogenization, but prevents lytic infection and reduces
prophage induction through the degradation of transcripts necessary for lytic replication. Stern and
colleagues identified 991 spacer-targeted phages in the human gastrointestinal microbiome [85].
Approximately 37% of these were temperate phages and were being targeted by spacers conserved
among different individuals, demonstrating the prevalence of prophage-targeting spacers. However,
in most cases (85%), if an individual encoded a spacer sequence, its phage target was not present.
Thus, the most likely scenario is that the CRISPR system in the gut contributes to the ecology of
frequently activated prophages.

Gnotobiotic mice models have proven useful for understanding gut phage dynamics. Duerkop
et al. [100] demonstrated that the induction of the prophage provides an advantage to its host by
killing competitors, both in vitro and in vivo. De Paepe and colleagues [17] modeled prophage
activation and showed that prophage induction in the mouse gut is higher than in vitro, and that it
results in a significant cost to its bacterial host. However, the cost of induction is compensated by the
initial killing of susceptible cells by the released virions, after which the initial lysogen strain and
newly infected cells that have become lysogenized coexist. During their experiment, resistant
mutants independent of phage pressure arose, which demonstrates that bacterial selection in vivo
depends on a variety of factors. Importantly, they captured the occurrence of HGT, which suggests
that the role of phages in promoting HGT can be studied using mouse models. In a separate study,
Reyes et al. hypothesized that prophage activation occurs in feces due to nutrient limitation [61]. To
test this hypothesis, germ-free mice were colonized with Marvinbryantia formatexigens and Bacteroides
thetaiotaomicron, and RNA transcription was measured to study prophage expression in the cecum
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and feces. Only one out of three prophages from M. formatexigens was fully expressed in feces. In
contrast, 50% of the samples from the cecum showed expression of the same prophage. Only genes
involved in the maintenance of lysogeny were expressed for the other monitored phage, both in the
cecum and feces. Mouse models to study phage-host dynamics of more complex communities have
also been developed [101]. Mice colonized with a consortium of 15 human gut bacterial species were
challenged with human EC-phages and changes in the host community, EC-phages and prophage
activation were simultaneously measured. The study found that human EC-phages could replicate
and affect the community structure in the mouse model. In this study, the similarity between the
phage relative abundance found in the feces as compared to the cecum depended on the phage type.
One of the 15 bacterial species (Bacteroides cellulosyliticus WH2) was represented by a library of
transposon mutants. As expected, there were no phage mutants in the cl repressor (necessary to
control the switch between lysogeny and lysis). Interestingly, phages with mutations in the cI-Rha
intergenic region, which facilitate prophage induction, were selected and maintained at high relative
abundance, even before prophage induction. These results suggest that prophages might be
providing fitness advantages to their host through mechanisms unrelated to “killing competitors.”
Importantly, mouse models can also be used to study interactions between lytic phages and the gut
microbiota. Recently, Maura and colleagues developed a model to study phage replication in the gut
[25,59,102]. Reyes demonstrated that there are spatial differences in the activation of certain
prophages [61]. Maura showed the replication of lytic phages differed between small intestine, colon,
and feces, and between the lumen and mucosal surfaces as well. Interestingly, they demonstrated
that these differences could be attributed to variable cellular microbial states affecting phage
susceptibility [59]. We refer the reader to a detailed review on this work carried out by Maura and
colleagues [25]. Recently, Santiago-Rodriguez and colleagues developed a chemostat-based gut
model that is representative of the bacteriophage community found in feces [103]. Additionally, high-
throughput gut models such as gut-on-a-chip that can somewhat mimic the human environment
seem promising to unravel bacteriophage-bacteria host dynamics in the gut [104-106].

A combination of evidence suggests that lysis does not control the microbial community in a
kill-the-winner-like fashion, as is observed in many other microbial environments [38,48]. The
stability of the healthy gut phage community, and the presence of a large prophage reservoir within
the gut, is indicative of a steady-state system. Some groups have suggested that lytic phages might
provide protection to the human host from bacterial pathogens [58]. Barr et al. discovered an innate
bacteriophage-mediated immune system in which bacteriophages adhere to mucus (BAM) can confer
protection to the underlying human epithelium from pathogens [58,104]. Their later work [104]
shows that phages attached to mucus have a reduced diffusion capacity that enables them to kill cells
at low abundance more efficiently. They further integrate the role of lytic activity with the high
prevalence of lysogeny [90]. Briefly, they propose that lysogeny is important in the lumen and regions
with lower mucus concentration, and that constitutes a first layer of protection from bacterial
pathogens by providing competitive advantages to their host. If the pathogen is still able to
outcompete the commensal organisms and get closer to the epithelial cells, the BAM immunity, which
preferentially attacks low abundance members, will destroy the pathogen. It is reasonable to
speculate that BAM immunity might affect low abundance commensal members of the microbiome
as well, such as Proteobacteria. If this was the case, lysis could contribute to the structure of the
community in a kill-the-loser dynamic. However, it is important to keep in mind that BAM immunity
has only been demonstrated in a single host species system at relatively low cell concentrations.
Overall, these studies highlight the importance of a proper balance between lysogeny and lysis.

Determining the host range of the gut phage community is critical for understanding phage
dynamics. The culture-independent advantage that viral metagenomics provides comes at the cost of
losing host context. Initially, gut phage-host relationships were predicted through comparison to
phages with known hosts [61,62], and comparison of whole-community metagenomes to EC-phage
metagenomes. Bioinformatic advances are providing new tools to predict phage-host interactions in
microbial communities [107]. For instance, Marbouty et al. presented a novel whole-community
metagenomic technology that takes advantage of physical contact between the phage and bacterial
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host genomes to predict phage hosts [108]. Their results showed that even though phages tend to
have a preferred bacterial host, multiple phages were associated with more than one taxonomic
group. Additional studies indicate that the host range of some phages in the gut might be much
broader than previously thought [39,71,78,82]. Experimentally, some lytic phages and activated
prophages within the gut have been shown to have a broad host range [24,60,102,109]. Thus, the gut
phage community is likely a collection of viruses representing a spectrum of host ranges from
specialist phage-taxa (connected to one or a low number of bacterial taxa), to generalist phage-taxa
connected with multiple bacterial-taxa (up to four different phyla) [70,78]. However, observations
from bioinformatic analysis of large datasets should be tested experimentally. Understanding the
potential and actual host-range of phages under conditions of gut health and disease is needed for
advancement of the field.

6. Gut Phages, Microbial Resilience, and Health

A hallmark of an adult healthy gut microbiome is its resilience. It has been shown that the phage
community may partially contribute to this feature [39] (Figure 5).
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Figure 5. Phage community resilience and its contribution to the resilience of the bacterial community.
A characteristic of a healthy microbiome is its ability to recover quickly from perturbations, after
which a new “steady state” is established. Antibiotic administration results in profound changes in
the microbial community, while changes in the viral community are only moderate. Phage-bacteria
network interactions increase after perturbation and new networks are established in the new steady
states. The phage component likely contributes to the recovery of the microbial community through
the mobilization of beneficial genes.

After rapid changes early in life, the adult gut phage community remains remarkably stable
[61,63,64]. Approximately 80% of the phages are maintained over 2.5 years (duration of study) in an
individual [63]. Despite this stability, certain external factors can promote changes in its diversity or
and composition. Minot et al. [62] demonstrated that the composition of the virome changes with
drastic dietary shifts. Although they did not examine whether it returns to its normal composition
after the end of the imposed diet regime, the high phage community stability over 2.5 years observed
in their longitudinal study suggests that the phage community is maintained despite minor dietary
changes. Howe et al. showed that different diets can promote differential long-term changes in the
stability of the mouse phage community and in its interaction network with the microbial community
[110]. Thus, long term effects of different diets and treatments on the phage community should be
studied and considered when using microbiome-targeted therapeutic treatments to promote health.

The gut microbiota is deeply affected by antibiotic treatment, after which a new, but similar,
microbial “steady-state” is restored [4,111] (Figure 5). In contrast, the diversity of the viral community
measured through the HVDI index is unaffected despite a shift in the overall viral community
membership, and the persistence of certain viral species [87,112]. Overall, individual-specific patterns
are maintained and the viral community reaches a new “steady-state” after antibiotic treatment as
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well [87,112]. Interestingly, an increase of antibiotic-resistance genes in the gut virome has been
associated with antibiotic exposure [39,112]. Modi and colleagues demonstrated the HGT-based
contribution of the phage fraction to the resilience of the microbiome after antibiotic treatment [39]
(see Sun et al. for a detailed review [113]). The functional resilience of a healthy microbiome is not
strictly dependent on taxonomic diversity. Multiple gut microbial communities can provide a similar
level of functional resilience [3-5]. In comparison, due to a high fraction of unknown sequences in
gut metagenomes, the functional diversity provided by the phageome is not well understood [61].
Moving towards a more complete understanding of the functionality of the gut phageome is needed.
Overall, the potential of phages to contribute to the resilience of the microbiome suggests that phages
play a role in maintaining a healthy equilibrium in the gut and are likely influential in the re-
establishment of healthy symbiosis from disease.

Before phages were considered as a tool to shift a dysbiotic community back to eubiosis, fecal
microbial transplantation (FMT) was used to successfully treat certain diseases [114,115] (Figure 6).
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microbial transplants are considered a successful tool to treat certain microbiota-associated diseases
and disorders [115-127]. Recently, a pilot study demonstrated that a transplantation of viral filtrates
was sufficient to restore health in Clostridium difficile patients. This result highlights the potential for
viruses to influence microbial communities, ultimately affecting health and disease.

FMT involves the transplantation of feces from a healthy individual to the gut of an individual
suffering a gastrointestinal-related disease. FMTs are highly successful in the treatment of Clostridium
difficile infection (CDI), with recovery rates approaching 95% [116-118]. In contrast, the treatment of
other disorders, including but not limited to inflammatory bowel disease [119], irritable bowel
syndrome [120], and metabolic syndrome [121,122], has variable rates of success [119]. The scientific
community is trying to identify predictive markers for the successful establishment of the new
microbiota that leads to an effective treatment.

The role of phages in the re-establishment of health during FMT treatments has received little
attention thus far. To our knowledge, only two studies have followed the establishment of
bacteriophages during FMT treatments. Broecker and colleagues followed a CDI patient who had
received FMT treatment for four and half years [123-125]. Microbial community DNA was sequenced
and approximately 10 different bacteriophage types were detected [125]. Further analysis revealed
the presence of 22 viruses throughout donor and patient samples. Most of the phages were found
only in one sample, but some were successfully transferred from the donor to the patient [124].
Chehoud et al. analyzed the EC-phage community of a single donor and three CDI patients that had
received FMT [126]. The successful transfer of 32 different donor viral contigs to FMT recipients was
reported. Moreover, they showed that phages from the Siphoviridae family (which tend to be
temperate) were more efficiently transmitted than phages from other taxonomic groups. This result
suggests that temperate phages might have a competitive advantage over others, either by having
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higher host range, higher host availability, or by being transmitted together with their host as
prophages. Analysis of the phage component in a diversity of FMT trials with different success rates
might be able to explain variations among trials. Thus, it is important to consider phages as a key
component of the microbiome in further FMT analysis. Interestingly, risperidone-induced weight
gain can be reproduced in mice through transplantation of the fecal phage fraction alone, which
suggests that healthy phage community transplantation might have positive effects as well [127].

A recent pilot study has shown that the gut phage community by itself may be sufficient to
eliminate CDI and promote the recovery of a healthy microbiome structure [128] (Box 1; Figure 6). In
this study, fecal filtrate transplants (FFT), in which cells are removed but smaller particles such as
viruses are retained, were effective in the treatment of five patients suffering from CDL. In all the
cases, FFT restored normal stool habits and eliminated CDI symptoms for at least six months.
Although only the viral community of one donor and one recipient was analyzed through
metagenomics, high similarity between their viral community suggests the successful establishment
of microbiome-associated phages through FFT. Caution is necessary in the interpretation of these
results, since other variables, such as other mobile elements, might be responsible for the changes.
Overall, these results highlight that bacteriophages alone might be able to shape the structure of the
microbial community and serve as therapeutic agents to restore and maintain health. Future clinical
studies are needed to determine the role of phages in restoring health and to increase our knowledge
on the role of phages in human health.

7. Remarks and Future Directions

It is becoming clear that bacteriophages contribute to the human gut microbial community
structure and function, ultimately influencing states of health and disease. The proper development
and structure of the gut phage community is likely important in maintaining health [11,52],
suggesting that the concept of microbial dysbiosis can be extended to the phage component of the
microbiome. Many of the bacteriophages present in the gut arise from the induction of prophages
present in the resident bacterial community [17]. However, only a fraction of the total prophage
reservoir in healthy individuals can be found as EC-particles [78]. Preliminary studies suggest that
the more active prophages tend to encode beneficial genes for their bacterial host. Determining what
factors influence prophage activation from the large bacterial reservoir, during healthy and dysbiotic
states, will shed light onto mechanisms by which the gut phage community impacts health and
disease. The influence of lytic phages in the gut has received less attention [25], but it has been
suggested that they may significantly contribute to the protection of the human host from pathogen
colonization [58,90].

Currently, the study of gut viral ecology is primarily in a descriptive phase, in which basic
ecological parameters such as diversity, spatial distribution, and connectivity between community
members are being determined in different human populations of varying health states. In the near
future, it is important that the field continues to move beyond studies of correlation and further
investigate the direct impacts of gut viruses during health and disease. Mouse model systems,
artificial consortiums of gut microbial communities, bacterial genome editing, and novel
bioinformatic analysis of metagenomic datasets, bioreactors, and ex vivo model systems can be used
to this end. Ecology-driven studies should be performed as well. Constant external inputs can lead
to stochastic events within this “internalized external” environment. Determining stable associations
between microbial species and the human gut as opposed to transient microbial species will increase
our understanding of associations important to human health. Isolating representative phages from
the human gut is necessary to develop useful models to be able to study the molecular mechanisms
of bacteria-phage interactions in the gut [129]. Additionally, the spatial distribution of phage infection
in health and disease as well as the temporal co-evolution of phages and their hosts in vivo will
provide important information on the ecology of bacteriophages in the gut. Continued efforts among
researchers to generate curated databases with reference phage genomes and host genomes will
allow for a more systematic investigation of host-virus interactions. Further incorporation of
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computational models to investigate host-virus dynamics will help advance our understanding of
viral gut ecology.

The possibility of a widely-distributed gut phageome among healthy individuals has important
implications for disease treatment. We propose that the healthy phage community may be sufficient
to return a dysbiotic community to a healthy “steady-state”. Preliminary evidence showing both the
contribution of the phage community to the resilience of the microbiome [39], and the recovery of
diseased individuals through fecal filtrate transplants [128], provide exciting evidence for this
proposal. We anticipate the chemostat and mouse models that mimic the gut community will be
useful to determine to what extent phages can be used to manipulate the microbiota structure, and
for testing mixtures of microbes that can be used in fecal transplant treatments to decrease risks
associated with such practices [130]. The mechanisms by which phages influence microbial
community structure and function in the healthy and diseased gut microbial community is an
exciting area of research.

Box 1. Key concepts and definitions of the human gut phage community.

Gut phages and health: gut phages play a role in shaping the gut microbiome structure and function,
ultimately affecting health and disease.

Healthy gut phages: phages shared among healthy individuals, and whose presence has been correlated with
health.

Prophage reservoir: all the prophages encoded in normal members of the gut microbial community.
Resilience: the capacity of a community to recover from a perturbation and return to a new steady-state.
Community shuffling model: a shift in activated prophages found as extracellular phage particles can
contribute to a shift of the microbial community, ultimately leading to dysbiosis and disease.

Potential clinical applications: phages may be used to re-establish a healthy microbial community structure
and recover health.
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