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The human gut microbiome is a dense and taxonomically diverse consortium of microorganisms. While the

bacterial components of the microbiome have received considerable attention, comparatively little is known

about the composition and physiological significance of human gut-associated bacteriophage populations

(phageome). By extrapolating our knowledge of phage-host interactions from other environments, one could

expect that >1012 viruses reside in the human gut, and we can predict that they play important roles in regu-

lating the complex microbial networks operating in this habitat. Before delving into their function, we need to

first overcome the challenges associated with studying and characterizing the phageome. In this Review, we

summarize the availablemethods andmain findings regarding taxonomic composition, community structure,

and population dynamics in the human gut phageome. We also discuss the main challenges in the field and

identify promising avenues for future research.

Introduction

The human body has been referred to as a ‘‘superorganism’’

(Aziz et al., 2013) in which microbial cells are present in numbers

(�1014) comparable to human cells (Sender et al., 2016). An

overwhelming majority (>99%) of these microbes are located in

the distal segments of the gastrointestinal tract (GIT). They

occupy different ecological niches in the gut lumen and on

mucosal surfaces, forming complex biochemical interaction net-

works between themselves and with the host organism. The

dynamic equilibrium of the gut microbiome is essential for

normal host physiology. For instance, gut microbes participate

in host metabolic processes (Everard and Cani, 2013), stimulate

normal development of immunity and brain functions in early

ontogenesis (Dinan and Cryan, 2017), provide a barrier against

incoming pathogens, and balance local immune responses

throughout life (Belkaid and Hand, 2014). This has led to an

appreciation of the human gut microbiome as a ‘‘forgotten

organ,’’ an essential, albeit genetically and antigenically foreign,

component of the human body (O’Hara and Shanahan, 2006).

The gut microbiome contains all three domains of cellular life,

Bacteria, Archaea, and Eukarya, as well as viruses, albeit at

very different relative concentrations (Figure 1). Bacteria and

Archaea account for more than 99% of the unique characterized

gene repertoire and biomass (Qin et al., 2010; Yatsunenko et al.,

2012; Sender et al., 2016; Wampach et al., 2017) and have

received most of the attention in human microbiome studies.

At the same time, recent works have also highlighted the role

of fungi and protozoa, microbial eukaryotes that constitute a

smaller but potentially important part of the gut microbiome

(Hoffmann et al., 2013; Huseyin et al., 2017; Laforest-Lapointe

and Arrieta, 2018).

It is often postulated that viruses of bacteria are the most

numerous biological entities on the planet and in many environ-

ments outnumber the counts of their prokaryotic hosts by a fac-

tor of 10 (Wommack and Colwell, 2000). The original hypothesis

of linear virus-to-microbe ratio (VMR), based on early data from

marine and freshwater microbial communities (Weinbauer, 2004;

Thingstad et al., 2008), has been revised recently, with power law

and unimodal models seeming to more accurately reflect exten-

sive variation in VMR (2.6–160 in the oceans) (Knowles et al.,

2016; Wigington et al., 2016). It has long been known that

abundant and diverse communities of non-pathogenic viruses,

mainly tailed bacteriophages, colonize the mammalian gut (Dhil-

lon et al., 1976). Up until the last decade, however, the phag-

eome remained the ‘‘known unknown’’ of the gut microbiome.

This was mainly due to a very limited toolkit, which included

direct observation and counting of virus-like particles (VLPs)

using transmission electron (TEM) and epi-fluorescence micro-

scopy (EFM) techniques, as well as isolation of individual bacte-

riophages infecting specific host strains in culture. Microscopic

methods helped to reveal a large diversity of viral morphotypes

(up to several tens per individual) with total counts of bacterial

viruses in human feces, caecal contents, and colonic mucosa

reaching �109–1010 VLPs g�1 (Hoyles et al., 2014; Lepage

et al., 2008). These were largely members of the Caudovirales

order, represented by theSiphoviridae,Podoviridae, andMyovir-

idae families. Culture-based methods were mainly used to

isolate bacteriophages against a limited set of model and clini-

cally important microorganisms such as Escherichia/Shigella

(Dhillon et al., 1976; Martinez-Castillo et al., 2013), Enterococcus

faecalis (Bonilla et al., 2010), Clostridioides difficile (Hargreaves

and Clokie, 2014), and a few other bacteria. Because >95% of

bacteria residing in the distal gut, including non-pathogenic

strict anaerobes belonging to families Bacteroidaceae, Prevotel-

laceae,Ruminococcaceae, Lachnospiraceae, etc., are difficult to

culture, the available collections of phage strains of human fecal

origin clearly still do not reflect the true diversity of human gut

bacteriophages.

The advent of high-throughput metagenomic sequencing

technology has allowed us to appreciate the complexity and

richness of human gut bacteriophage populations (Breitbart

et al., 2003, 2008). The first metagenomic studies of fecal

viromes revealed that most bacterial viruses in the gut (81%–

93%) are novel and can be neither assigned a taxonomic
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position nor linked to a bacterial host (Manrique et al., 2016;

Reyes et al., 2010). This is further complicated by the fact that

human gut phageomes are highly individual specific, with only

a small overlap between subjects (Manrique et al., 2016). The

term ‘‘viral dark matter’’ has been coined to describe the existing

gap in knowledge about the taxonomic composition and popula-

tion structure of the gut phageome (Aggarwala et al., 2017).

Description of the viral landscape in the gut would be incomplete

without mentioning minority populations of circular, replication

initiator protein (Rep) encoding, single-stranded DNA (CRESS-

DNA) eukaryotic viruses (Lim et al., 2015; Reyes et al., 2015),

and even pathogenic plant RNA viruses, which are likely of die-

tary origin but retain infectivity during transit through the gut

(Zhang et al., 2006).

Widespread bacteriophage predation and lysogenic conver-

sion in bacterial populations plays a major role in regulating bac-

terial biomass, maintaining biodiversity, horizontal gene transfer

and driving biogeochemical cycles in the Earth biosphere (Thing-

stad et al., 2008). With phage-bacterial ratios of �1:1 in the

human gut (Carding et al., 2017), we can expect that bacterio-

phage predation, lysogeny, and gene transfer will play major

roles in controlling the density, diversity, and network interac-

tions inside gut-associated symbiotic bacterial communities as

well. Importantly, specific and lasting changes of phageome

composition were detected in a number of diverse gut-related

and systemic conditions such as inflammatory bowel disease

(IBD), malnutrition, and AIDS (Norman et al., 2015; Monaco

et al., 2016; Reyes et al., 2015). Additionally, evidence of the ef-

ficacy of sterile fecal filtrate transfer in the treatment ofC. difficile

infection (CDI) points toward the potential ability of gut phages

to restrict pathobiont growth and promote normal richness of

the gut microbiota (Ott et al., 2017). Interestingly, however, the

majority of gut bacteriophages seem to engage in lysogenic

interactions with their hosts, thereby persisting for prolonged

Figure 1. Main Taxonomic Groups of the Human Gut Microbiome and the Domain/Kingdom Level
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periods of time and with much slower evolution rates than the

minority virulent bacteriophages (Minot et al., 2013). Lack of ev-

idence of ‘‘kill-the-winner’’ dynamics and Red Queen co-evolu-

tion (Reyes et al., 2010) suggests that ecological strategies and

modes of interaction between gut bacteriophages and their

hosts are fundamentally different from those observed in other

well-studied ecological systems, such as oceans, where lytic

lifestyles prevail and play a central role in shaping and controlling

bacterial populations (Silveira and Rohwer, 2016).

In this Review, we will focus on the taxonomic composition,

dynamics, and spatial structure of bacteriophage populations,

as well as certain aspects of their interaction with their hosts

in the healthy human gut. We will also review the available meth-

odology, specifically discussing the challenges associated with

metagenomic analysis pipelines. We will not be discussing

phageome interactions with the host immune system, its role in

various disease states, as well as phageome-based therapeutic

approaches to treat gut disorders, as these topics are covered

by other reviews in this Phage Focus issue of Cell Host &

Microbe.

Methodology and Main Challenges Associated with

Studying the Human Phageome

An integrated gut virome analysis pipeline, which amalgamates

different methods and approaches reported in the literature is

presented in Figure 2. A crude VLP-containing fraction of feces

(fecal fitrate; FF) is typically prepared by vigorous homogeniza-

tion and subsequent centrifugation and microfiltration of the su-

pernatant to remove bacterial cells and dietary debris. Absolute

quantification of VLPs in FF and mucosal samples can be done

by direct counting of particles stained with DNA/RNA intercalat-

ing dyes (SYBR green II, SYBR gold, DAPI) under EFM or using

flow cytometry (Lepage et al., 2008; Brown et al., 2015). Flow

cytometry has an added advantage in that specific fractions of

particles selected on the basis of size, granularity, and fluores-

cence intensity can be collected and further analyzed (D�zunková

et al., 2015). To obtain more concentrated samples of VLPs,

ultracentrifugation at �120,000 g, precipitation with polyeth-

ylene glycol and NaCl or ZnCl2, or tangential flow filtration can

be employed (Castro-Mejı́a et al., 2015). A concentrated FF sam-

ple can then be enzymatically treated to remove free, capsid-

unprotected DNA/RNA, yielding a viral fraction suitable for meta-

genomic sequencing (Shkoporov et al., 2018b). Alternatively,

even purer VLP samples can be obtained by collecting fraction(s)

of specific buoyant density after ultracentrifugation in CsCl step

or continuous gradients (Kleiner et al., 2015). VLP fractions can

be examined using TEM (Castro-Mejı́a et al., 2015), metage-

nomic DNA and cDNA sequencing, or metaproteomics.

Currently, deep sequencing using high-throughput short-

read-based technologies (Roche 454, Illumina MiSeq/NextSeq/

HiSeq/NovaSeq platforms, Ion Torrent platforms) remains the

primary approach to characterizing unculturable viral commu-

nities in the gut. However, assembly, mapping, and classification

of short reads arising from mostly novel and unknown viral ge-

nomes (viral dark matter) represent a considerable bioinformatic

challenge (Roux et al., 2015a; Aggarwala et al., 2017). In recent

years, two long-read sequencing technologies became available

(Pacific Biosciences and Oxford Nanopore), which, despite

considerably lower per base accuracy rates, could be an

interesting complement to short-read sequencing. Specifically,

they can be used to assist in scaffolding of large novel viral ge-

nomes, obtaining information on methylation patterns (poten-

tially useful for host prediction; Beaulaurier et al., 2018), and

for studying population structure at a single-virion level, since

long reads can, in some cases, represent complete or near-

complete viral genomes (Warwick-Dugdale et al., 2018). Addi-

tional future complementary approaches may include gut viral

metatranscriptomics (RNA-seq) and viral metaproteomics.

Each of the available purification and analysis methods has its

limitations and introduces a bias. For example, the use of glass

beads for sample homogenization, high centrifugation speeds,

and small pore filters leads to a dramatic reduction in large vi-

rions. Chloroform extraction of PEG-precipitated VLP samples

removes enveloped viruses. Contrary to that, use of large pore

filters and omitting the chloroform step improves recovery of

some viruses but introduces considerable bacterial contamina-

tion (Conceição-Neto et al., 2015). Similarly, CsCl density

gradient purification yields very pure samples, ideal for TEM

and metaproteomic studies, but fails to recover enveloped vi-

ruses and those with atypical buoyant densities (Castro-Mejı́a

et al., 2015; Kleiner et al., 2015). We will focus on some of the

most significant biases and unsolved problems associated

with metagenomic analysis of viral populations in the human gut.

Total Viral Counts in the Gut

A number of studies that employed direct counting of VLPs

stainedwith DNA/RNA intercalating dyes, suggested viral counts

from the human gut significantly lower than the expected level of

1012 VLPs g�1 (if the postulated approximate 10:1 phage:bacte-

rium ratio wasmaintained). Hoyles et al. reported an average 33

109 VLPs obtained by filtration per gram of feces in healthy adult

subjects (Hoyles et al., 2014), while a study of colonicmucosa bi-

opsy samples revealed the presence of 1.2 3 108 VLPs per bi-

opsy in healthy individuals and significantly higher viral loads of

2.9 3 109 VLPs per biopsy in IBD patients (Lepage et al.,

2008). Recently, we employed viral metagenomics to quantify

fecal bacteriophages by comparing total numbers of DNA reads

in VLP-enriched fractions to numbers of reads aligned to a

standardized number of exogenous phage deliberately spiked

into the fecal samples (lactococcal phage Q33) (Shkoporov

et al., 2018b). In a small sample size, we estimated viral loads

to be 1.46 3 109–1.81 3 1010 VLPs g�1. Taking 1 3 1010 VLPs

g�1 as a rough estimate, one could conclude that the true VMR

in the human gut is reversed relative to other environments and

could be as low as 0.1.

In contrast, shotgun metagenomic studies of total community

DNA in human feces imply a much higher proportion of bacterio-

phage sequences in the gut, from an average of 5.8% (Arumu-

gam et al., 2011) to extremes of up to 22% (Dutilh et al., 2014).

Assuming an average size of 50 kb per bacteriophage genome

and an average size of bacterial genome of 4 Mb, this would

imply a VMR of �4.64. With shotgun metagenomic data, it is

impossible to discern DNA packaged in phage particles from

prophage sequences in bacterial genomes. At the same time,

it seems likely that both EFM/flow cytometry counts and viral

metagenomics methods tend to underestimate viral loads in

the extremely dense microbial and viral communities of the gut

due to a number of factors, including inefficient elution of VLPs

from feces (Conceição-Neto et al., 2015). It is also possible

Cell Host & Microbe 25, February 13, 2019 197

Cell Host & Microbe

Review



A B

C
D

E

Figure 2. A Generic Gut Phageomics Workflow Combining Metagenomic, Culture-Based, Microscopic, and Proteomic Approaches
(A) Flow cytometric enumeration of phage particles, obtained from human fecal filtrate.
(B) Agar overlay showing plaques of different morphologies on E. coli from enriched cattle manure sample.
(C) Relative abundance of metagenomic contigs obtained by shotgun DNA sequencing of human fecal VLP fractions, (reproduced from Shkoporov et al., 2018b).
(D) SDS-PAGE gel electrophoresis displaying predominant polypeptide fractions in CsCl-gradient-purified human fecal VLP fraction (reproduced from Guerin et
al., 2018).
(E) TEM of phage particles in CsCl-gradient-purified human fecal VLP fraction (A.N.S. and C.H., unpublished data).
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that binding of phages to bacterial cells and cell debris and ag-

gregation of VLPs could lead to underestimated EFM counts.

DNA Amplification Bias

If we were to assume that the gut phageome is composed

entirely of coliphage T4 (genome of �170 kb; an example of a

relatively large Myoviridae phage) with a titer of 1 3 1010 cfu

g�1, the total mass of virion heads (MW = 1.94 3 108 Da) would

be 3.23 mg per g of feces (Yap and Rossmann, 2014). Conse-

quently, the total mass of its 1.04 3 108 Da genomic double-

stranded DNA (dsDNA) would be 1.7 mg per g of feces. In a

similar way, should the entire fecal phage population consist of

coliphage X174 (genome of�5 kb; an example of smallMicrovir-

idae phage), the total genomic single-stranded DNA (ssDNA)

content would be equal to 30 ng per g of faeces. Since the human

gut phage community represents a complex mixture of species

with different genome sizes, with the types of nucleic acids vary-

ing as well, the actual DNA yields can be as high as 250–500 ng

viral DNA per gram of feces (Shkoporov et al., 2018b), albeit with

some samples yielding as little as 4–5 ng. Thus, whole-genome

amplification (WGA) techniques (typically multiple displacement

amplification [MDA] with phage 429 DNA polymerase) will be

required to obtain sufficient DNA for downstream processing

(Reyes et al., 2010; Minot et al., 2013). If a reverse transcription

step is included, MDA gives the added advantage of converting

single-stranded cDNA into a double-stranded form, compatible

with common sequencing library preparation techniques (Shko-

porov et al., 2018b).

The use of WGA results in a significant distortion in viral taxo-

nomic composition, especially if the starting DNA concentration

was extremely low. For instance, use of the popular 429 DNA

polymerase-based kits results in a significant expansion of small

circular ssDNA genome viruses (phage families Microviridae,

Inoviridae, and eukaryotic CRESS-DNA viruses such asCircovir-

idae and Anelloviridae) and plasmids (Norman et al., 2015; Roux

et al., 2016). In addition, amplification leads to a general reduc-

tion of diversity and obscures detection of some rare viral groups

(Kim and Bae, 2011). Therefore, the use of a new generation of

library prep kits compatible with Illumina sequencing platforms,

suitable for extremely low dsDNA and ssDNA inputs, and

minimizing amplification steps should be adopted as standard

practice in gut virome/phageome research (Roux et al., 2016).

Single-virion genomics (SGV) will probably be more widely

used in future studies (Martinez-Hernandez et al., 2017; War-

wick-Dugdale et al., 2018).

Viral Dark Matter and Insufficiency of Viral Sequence

Databases

Perhaps the most critical shortcoming of the metagenomic

approach to studying the human gut phageome is the severe

discrepancy between the demonstrable diversity of gut viruses

and the number of genomes of known gut-associated bacterio-

phages and eukaryotic viruses in public databases. Viral meta-

genomics of the human gut yields between 75% and 99% of

reads that do not produce significant alignments to any known

viral genome (Aggarwala et al., 2017). This is in stark contrast

with the current status of human gut bacteriome research, where

theHumanMicrobiome Project (Qin et al., 2010) and other efforts

have allowed for the isolation and complete genome sequencing

of >1,000 predominant gut bacterial species (Rajili�c-Stojanovi�c

and de Vos, 2014), accounting for >90% of total gut microbial di-

versity at the species level (Browne et al., 2016). Despite this

obvious shortfall, many studies of human gut virome in health

and disease published so far have relied on alignment of individ-

ual reads or assembled contigs to these nascent viral sequence

databases and hence were able to interpret only a small minority

of the sequencing data (Minot et al., 2013; Norman et al., 2015;

Lim et al., 2015). In a study with just 13 human donors, we

were able to assemble 8,920 putative non-redundant complete

and partial viral genomes, of which only 161 (1.8%) could be

assigned to known viral taxa (with >50% identity over 90% of

contig length). Of these, 157 were bacteriophages, two were

human papillomaviruses, and one was a plant RNA virus (Shko-

porov et al., 2018b).

Given that the majority of reads cannot be aligned to a closed-

reference database, the alternative is an open-reference

approach where viral reads are assembled into contigs, which

are then classified and annotated through reference-based and

de novo annotation steps. Reads are then aligned back to

assembled contigs, and alignment counts matrices are built.

This gives an opportunity to quantify viral species and perform

a- and b-diversity analyses independent of the taxonomic posi-

tion of any of these contigs (Manrique et al., 2016; Reyes et al.,

2015; Shkoporov et al., 2018b). Quality assembly of short reads

is a significant hurdle in viral metagenomics. The right choice of

assembler software and algorithm parameters is critical and can

lead to dramatic differences in the results (Roux et al., 2017; Sut-

ton et al., 2019). Bacteriophage populations of the human gut

represent a particularly challenging target for de novo assembly

due to (1) high levels of diversity (Manrique et al., 2016); (2)

modular structure of bacteriophage genomes and high levels

of genetic mosaicism (Lima-Mendez et al., 2011); (3) population

microdiversity and high heterogeneity at strain level (Minot et al.,

2013; Martinez-Hernandez et al., 2017); (4) high incidence of

repeat and hypervariable regions (Minot et al., 2012); and (5)

wide variation of relative abundance and hence sequence

coverage (Sutton et al., 2019). This leads to a high degree of as-

sembly fragmentation and hampers annotation and interpreta-

tion of alignment results. The most radical solution to the

‘‘metagenomic assemblies’’ conundrum could be physical sep-

aration of individual viral particles and sequencing of individual

genomes—i.e., single virion genomics or use of long reads span-

ning nearly complete viral genomes (Martinez-Hernandez et al.,

2017; Warwick-Dugdale et al., 2018).

Combating Bacterial DNA Contamination in Viral

Metagenomics

Methods based on density gradient ultracentrifugation are able

to deliver phage nucleic acid samples that are virtually free

from contaminating bacterial DNA (Reyes et al., 2010). These

methods are impractical for routine use because of high manual

workloads and hence operator-to-operator variability, low

throughput, and a tendency to introduce bias by excluding vi-

ruses with atypical buoyant densities (Castro-Mejı́a et al.,

2015; Conceição-Neto et al., 2015). Therefore, most metage-

nomic studies of the human gut virome use more practical

methods based on filtration, with subsequent precipitation or

ultrafiltration of VLPs (Lim et al., 2015; Minot et al., 2013; Norman

et al., 2015). These protocols can introduce considerable

amounts of residual bacterial DNA into the sample (Shkoporov

et al., 2018b). Combined with the incompleteness of
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bacteriophage genomic databases and the need to de novo

identify viral genomes against a bacterial background, this can

lead to frequent misinterpretations in gut virome studies. For

instance, a study of the murine gut virome exposed to antibiotic

treatment claimed an expansion of the resistome and other func-

tions potentially beneficial to bacterial hosts in the phage meta-

genome (Modi et al., 2013). These claims, however, were refuted

by a subsequent independent re-examination, which demon-

strated that the majority of these genes were likely to be associ-

ated with bacterial DNA contamination (Enault et al., 2017). A

number of metrics are suggested to measure the amount of

contaminating bacterial DNA in virome samples, including per-

centage of reads aligned to bacterial 16S rRNA and cpn60

gene databases (Roux et al., 2013; Shkoporov et al., 2018b).

De novo identification of novel viral genomes in the metage-

nomic datasets against a background of bacterial and eukaryotic

DNA contamination presents an extremely challenging task. Viral

lineages are polyphyletic by origin and fast evolution of many

viruses leads to further sequence diversification, sometimes to

an extreme degree where no DNA sequence similarity can be

captured even betweenmembers of the same viral family (Guerin

et al., 2018). Unlike in cellular life forms, lack of any conserved

phylogenetic marker genes prevents easy identification and

taxonomic assignment of novel uncultured viruses. We utilize a

rigorous multi-stage approach to filtering out bacterial DNA

contamination from VLP-enriched metagenomic sequencing

samples. Putative viral contigs are identified via several selection

steps, including positive results with the VirSorter classifier

(Roux et al., 2015b), alignments to viral genomes in NCBI RefSeq

database and our in-house database of crAss-like phages (Gue-

rin et al., 2018), as well as the presence of multiple genes with

above-threshold similarities to conserved bacteriophage pro-

teins in pVOGs database (Grazziotin et al., 2017) and/or circular

contig topology (Figure 2).

A number software tools, databases, and websites have been

specifically designed for processing high-throughput virome

sequencing data. A concise selection of such software, along

with some general-purpose tools useful for the steps from read

filtration, trimming, and assembly to gene prediction, host pre-

diction, taxonomic classification, and multivariate analysis of

community composition, are listed in Table 1.

Diversity and Individuality of Human Gut Phageomes

Microscopic studies have shown that gut bacteriophages are

almost exclusively represented by tailed viruses with icosahedral

capsids, belonging to the order Caudovirales. In the majority of

cases, they can be robustly classified into families based on

tail morphology: Siphoviridae with long flexible non-contractile

tails,Myoviridaewith long stiff contractible tails, and Podoviridae

with very short tails (Figure 3). Unique assemblages of up to

several tens of distinct morphotypes of these three families

can be recognized in feces collected from different human do-

nors (Hoyles et al., 2014; Castro-Mejı́a et al., 2015). Some

studies report detecting bacteriophage families other than those

of the order Caudovirales, e.g., Cystoviridae, Inoviridae, and

Microviridae (Guerin et al., 2018; Lepage et al., 2008). It should

be noted, however, that recognizing small non-tailed icosahedral

or filamentous capsids in fecal samples against a background of

dietary debris can be a challenging task (Figure 3).

These findings were further corroborated by metagenomic

studies of the gut phageome involving sequencing of both viral

genomic DNA and RNA. While >80% of viral sequences did

notmatch against closed-reference databases, most of the clas-

sifiable metagenomic reads aligned to Siphoviridae phage ge-

nomes (Breitbart et al., 2003; Reyes et al., 2010). In more recent

studies focusing on DNA viruses, only 7%–13% of recovered

viral contigs could be assigned to known viral families—mostly

of the order Caudovirales (dsDNA genomes) and familyMicrovir-

idae (ssDNA genomes)—based on the presence of family-

specific hallmark genes (Minot et al., 2013; Manrique et al.,

2016; McCann et al., 2018). The abundance of Microviridae

was, however, likely to be overestimated through the use of

MDA amplification as described earlier. In a recent study, we

found that the majority of viral contigs identifiable to family level

belonged to the Caudovirales (Shkoporov et al., 2018b).

However, large numbers of Microviridae contigs were also

detectable. The presence of lysogeny genes in the majority of

the complete contigs of Caudovirales suggests temperate life-

styles.Wewere unable to detect RNA bacteriophages (e.g., fam-

ily Leviviridae) in gut phage communities, likely because of

low viral loads (Leviviridae virions are very small and can be resis-

tant to precipitation) and nucleic acid extraction procedures

(Shkoporov et al., 2018b).

In addition to bacteriophages, cryptic human andmicroeukari-

otic CRESS-DNA viruses are consistently detected (Anelloviri-

dae, Circoviridae, and Genomoviridae), as well as human

Herpesviridae and Papillomaviridae (Lim et al., 2015; McCann

et al., 2018), but these fall outside of the scope of this Review.

Interestingly, the only group of RNA viruses consistently found

in the healthy gut are plant viruses belonging to family Virgaviri-

dae (Shkoporov et al., 2018b). These viruses of dietary origin

are able to maintain infectivity upon passage through the human

GIT (Zhang et al., 2006). The presence of giant amoebal viruses

(Aherfi et al., 2016) in the gut has never been reported but cannot

be completely ruled out because methods used by most studies

are incapable of recovering them. The same would be true of

some ‘‘jumbo’’ bacteriophages (with genome size of >500 kbp;

Devoto et al., 2018) and viruses with unusual morphologies

and physical properties, such as Autolykiviridae, a family of high-

ly prevalent ocean phages, which avoided detection until very

recently (Kauffman et al., 2018). Archaeal viruses include some

morphotypes sharedwith bacteriophages, aswell as the unusual

ones specific to the archaeal domain (Prangishvili et al., 2017;

Krupovic et al., 2018). None have been detected in human gut

samples to date.

As discussed above, the scarcity of bacteriophage genomes

in the reference databasesmakes it impossible to directly stratify

metagenomic sequences of the human gut phageome by their

position in viral taxonomy systems, functional properties or their

specificity toward bacterial hosts. Using network-based de novo

clustering approaches (e.g., vConTACT framework) could be an

alternative. Such methods, based on analysis of the content of

conserved protein-coding genes, attempt to represent evolu-

tionary and functional relationships between both cultured and

uncultured viral genomes in a reticulate fashion and categorize

them into clusters, agnostic from established taxonomy (Lima-

Mendez et al., 2008; Bolduc et al., 2017). However, further efforts

will be required to reconcile these viral clusters with established
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taxonomic systems or to predict biological properties and host

ranges of newly discovered unknown bacteriophages.

Caudovirales

Members of this viral group have linear dsDNA genomes ranging

in length from �16 kb (streptococcal podovirus C1) to hundreds

of kilobases in largeMyoviridae. Temperate phages of this order

engage in lysogenic interaction with their hosts by integrating

their genome into the host chromosome (e.g., coliphages l

and m) or persisting through generations as an autonomously

replicating episome (e.g., coliphage P1). The frequent occur-

rence of prophages in gut commensal bacteria makes it possible

to identify hosts for some of the temperate phage genomes de-

tected inmetagenomic surveys (Minot et al., 2013; Norman et al.,

2015). The host range of the orderCaudovirales is very broad and

includes all major bacterial phyla found in the gut: Firmicutes,

Bacteroidetes, Proteobacteria, and Actinobacteria. The typical

gut Caudoviralesmember Siphoviridae (identified de novo or us-

ing reference databases) have linear genomes of moderate size

(�35–50 kb), often containing a lysogeny module with a gene for

a serine or tyrosine integrase (Minot et al., 2013; Shkoporov

Table 1. Selected Software Tools and Databases Useful in Phage and Viral Metagenomic Analysis

Tool Name Description Reference

Software

Trimmomatic Trimming and filtering of short DNA sequencing reads

(command line)

https://github.com/timflutre/trimmomatic

Bowtie 2 Fast alignment of DNA reads to reference contigs

(command line)

https://github.com/BenLangmead/bowtie2

SPAdes, metaSPAdes Assembly algorithms for high-throughput sequencing

data (short and long reads likewise, command line)

Nurk et al., 2017

Sunbeam Modular pipeline for processing of microbial

metagenomic data (command line)

Clarke et al., 2018

VirSorter Detection of viral sequences in metagenomic data (web

based and command line)

Roux et al., 2015b

vConTACT De novo classification of dsDNA viral genomes (web

based and command line)

Bolduc et al., 2017

PHASTER Detection of prophages in draft or complete bacterial

genomes and metagenomes (web based)

Arndt et al., 2016

Prokka Rapid annotation of prokaryotic genomes

(command line)

Seemann, 2014

RASTtk Modular annotation pipeline suitable for viral genomes

and metagenomic contigs (web based)

Brettin et al., 2015

Metavir 2 Annotation and comparison of assembled viromes

(web based)

Roux et al., 2014

PhageTerm Determination of phage genome termini and packaging

mechanisms (command line or Galaxy based)

Garneau et al., 2017

iVIREONS Neural network-based identification of bacteriophage

structural protein genes from genome sequences

(web based)

Seguritan et al., 2012

mauve Multiple genome alignment (GUI and command line) Darling et al., 2004

PyANI Pairwise average nucleotide identity between genomes

(command line)

https://github.com/widdowquinn/pyani

Easyfig Linear BLAST comparison of multiple genomic loci (GUI) Sullivan et al., 2011

GView Visualization of circular and linear genome maps (GUI

and command line)

https://www.gview.ca/

vegan Multivariate analysis of microbial and viral communities

(R package)

https://cran.r-project.org/web/packages/vegan/

index.html

ape Phylogenetic and evolutionary analysis of DNA and

protein sequence data (R package)

Paradis and Schliep, 2018

Databases

NCBI RefSeq Viral and

Viral Genome Browser

Comprehensive database of cultured and/or

characterized viral genomes with taxonomic annotation.

https://www.ncbi.nlm.nih.gov/genome/viruses/

IMG/VR Integrated database of viral metagenomic sequences

from various habitats complete with predicted host

information and tentative taxonomic classification.

Paez-Espino et al., 2016, 2017

pVOGs A COG framework-based database of orthologous

protein families encoded by prokaryotic virus genomes.

Grazziotin et al., 2017
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et al., 2018b). Some representatives of this group of viruses in-

fecting common members of the human gut bacteriome, such

as Bacteroides and Clostridium, have been isolated in culture

(Puig and Gironés, 1999; Ogilvie et al., 2012; Hargreaves and

Clokie, 2014). However, the presence of large Siphoviridae-

type virions in TEM images (sometimes with tails >1 mm long)

suggests the existence of potentially virulent viruses with larger

genomes, since virion volume can serve as an (imperfect) predic-

tor of genome size (Cui et al., 2014). Furthermore, virulent-tailed

phages tend to have larger genomes in order to supply the

necessary complement of nucleic acid metabolism genes for

efficient lytic cycles. Data onMyoviridae andPodoviridae phages

remain scarce, but results suggest a wide variation of virion size,

Figure 3. Main Bacteriophage Morphological
Types Detectable Using TEM in a Human
Fecal Sample
(A) Overview of bacteriophage content in CsCl-
gradient-purified human feecal VLP fraction at low
magnification (20,5003).
(B) Examples of morphotypes detected in the same
sample at high magnification (160,0003).

genome length, and potentially host ranges

(Hoyles et al., 2014). Recently, an uncul-

tured megaphage with a genome length of

>540 kbp, predicted to infect Prevotella

and showing properties of the Myoviridae

family, was detected in the microbiota of

humans from Bangladesh and Tanzania

(Devoto et al., 2018). Faecalibacterium

and Bifidobacterium are among the

most predominant bacteria in healthy hu-

man microbiota in adulthood and infancy,

respectively (Yatsunenko et al., 2012), but

efforts to isolate bacteriophages infecting

these predominant bacterial genera have

proven unsuccessful, despite the presence

of numerous prophages in their genomes.

Recently, induction of prophages and

secretion of Siphoviridae and Myoviridae-

type viral particles from Faecalibacterium

and Bifidobacterium have been reported

(Cornuault et al., 2018;Mavrich et al., 2018).

crAss-like Phages

In 2014, a previously unrecognized 97 kb

dsDNA phage genome was described in

human gut metagenomic datasets and

termed crAssphage (crAss, cross-assem-

bly) (Dutilh et al., 2014). Its high relative

abundance (up to 90% of total viral load

in the gut of individuals) andwide represen-

tation in human population (>50% of West-

ern population colonized) attracted a lot of

attention, because of both its apparent

significance for the human health and its

potential use as fecal pollution marker

(Liang et al., 2016; Cinek et al., 2017; Gar-

cı́a-Aljaro et al., 2017). Despite no signifi-

cant homology to any known bacteriophages, it was predicted

to infect Bacteroides based on co-abundance and CRISPR

spacer hits (Dutilh et al., 2014; Cinek et al., 2017). Analysis of

the genome assigned functions to �50% of genes, predicted a

Podoviridae-like morphology, and identified a whole family of

similar crAss-like bacteriophages present in diverse environ-

ments such as human and insect guts, oceans, terrestrial and

groundwater samples (Yutin et al., 2018). We recently described

an expansive collection of uncultured, human gut-associated

crAss-like bacteriophage genomes, which could be classified

into ten candidate genera and four subfamily-level taxa. Taken

together, representatives of this novel proposed viral family are

present in 77% of individuals in diverse human populations
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with relative abundances of up to 95% of the total viral load in

the gut (Guerin et al., 2018). In a separate study, we reported

the propagation of the first member (4crAss001) of the family

in a pure culture of Bacteroides intestinalis (Shkoporov et al.,

2018a). Preliminary results suggest that members of this family

maintain stable colonization of the human gut and can engage

in unusual carrier state-type of interaction with their bacterial

hosts both in vitro and in vivo (Guerin et al., 2018; Shkoporov

et al., 2018a). Reyes et al. reported stable engraftment and

long-term persistence of two human fecal viruses (4HSC04

and 4HSC05), which we later identified as crAss-like phages

belonging to candidate genera I and VII, in mice colonized by a

defined microbial community consisting of 15 strains of anaer-

obic bacteria, including 8 different species ofBacteroides (Reyes

et al., 2013). Further, a recent report highlighted engraftment and

persistence for up to 1 year of allogeneic crAssphage in humans

during fecal microbial transplantation (FMT) (Draper et al., 2018).

These interesting phenomena provide additional clues regarding

the host range of this unusual viral family and also support in vitro

observations of their unusual ability to persist long term in the

presence of a sensitive host.

Microviridae

These phages are an ever-present component of the human gut

microbiome, even though the relative abundance of this family in

the phageome remains controversial (Norman et al., 2015; Man-

rique et al., 2016). These viruses possess small circular ssDNA

genomes (4–7 kb) packaged into icosahedral capsids. A large

diversity of these viruses was detected in both marine and ani-

mal-associated microbiomes (Roux et al., 2012). However,

only a small sample ofMicroviridae phages, mainly enterobacte-

ria phages belonging to the Bullavirinae subfamily, and Chla-

mydia and Bdellovibrio phages in the Gokushovirinae subfamily,

has been isolated in culture. The latter subfamily, along with sub-

family Alpavirinae, is especially predominant in the human gut

(Stockdale et al., 2018; Shkoporov et al., 2018b). As the only

Microviridae group capable of a temperate lifestyle, prophages

of family Alpavirinae are frequently detected in the genomes of

Bacteroides and Prevotella, integrated through an unconfirmed

mechanism that possibly involves cellular chromosome dimer

resolution machinery (Krupovic and Forterre, 2011). The host

range of gut Gokushovirinae cannot be directly established.

However, acquisition of possible Gokushovirinae peptidase

genes by some strains of predominant gut Firmicutes, in partic-

ular Faecalibacterium prausnitzii, suggests that these anaerobes

may serve as the host to some strains of Gokushovirinae (Roux

et al., 2012).

Individual Specificity and Age-Dependent Variation of

the Gut Phageome

A number of studies reported very high levels of individual spec-

ificity of the gut phageome, with inter-individual differences be-

ing the primary source of variance at the population level (Minot

et al., 2011; Norman et al., 2015; Shkoporov et al., 2018b).

Despite that, the identification of a common set of bacterio-

phages found in 20%–50% of individuals formed the basis for

the healthy core gut phageome concept (Manrique et al.,

2016). A significant fraction of bacteriophages was found to be

shared between twins and their mothers, as well as between

IBD-affected and healthy members of the same household (Nor-

man et al., 2015; Reyes et al., 2010, 2015). A common presump-

tion is that newborns are born sterile; therefore, bacterial viruses

would not be expected to be present in their gut. Rapid coloniza-

tion of the newborn gut in the first days of life by a dynamic as-

sembly of bacteriophages was reported (Breitbart et al., 2008).

The neonatal gut phageome is complex and relatively unstable,

preying on a low abundance of microbial hosts (Lim et al.,

2015; Manrique et al., 2017). However, progressive maturation

of the infant gut microbiome leads to a reduction of viral abun-

dance and diversity, accompanied by an increase in abundance

and diversity of the bacterial component. Interestingly, abun-

dance and diversity of Caudovirales and Microviridae show

opposite trends in the early postnatal ontogenesis with a gradual

decrease of the former and increase of the latter up to 2.5 years

of life. Birth mode has a profound effect on phageome composi-

tion, still detectable at 1 year of age (McCann et al., 2018). Little is

known about phageome progression later in life. However, un-

usually high abundances of Gokushovirinae were detected in

one cohort of elderly subjects, possibly reflecting a shift toward

Firmicutes in their bacteriomes (Stockdale et al., 2018). Inter-

esting but understudied aspects of individual specificity in the

human gut phageome are geographic and ethnic differences.

We have observed stark contrasts in crAss-like phage composi-

tion in Western and African populations, with the former being

predominantly colonized by candidate genus I (likely host Bac-

teroides), while the latter is colonized by candidate genera VIII

and IX (likely host Prevotella) (Guerin et al., 2018).

Spatial Structure and Dynamics of Bacteriophage

Populations in the Gut

The ocean microbiome provides a classical ecological model to

study general principles of population dynamics and ecological-

evolutionary relationships between bacteriophages and their

bacterial prey (Thingstad et al., 2008). A number of models

have been developed explaining certain aspects of phage pop-

ulation dynamics and phage-host co-evolution. Among others,

there is the ‘‘arms race’’ model (continuous Red Queen-like

directional selection of mutations leading to broadly resistant

hosts and highly infective parasites), the fluctuating selection

model (density dependent fluctuating selection based on a

trade-off between benefits of resistance and its metabolic

costs), and ‘‘kill-the-winner’’ (extension of fluctuating selection

model, taking into account abiotic factors), each with their own

assumptions and limitations (Avrani et al., 2012).

The mammalian gut environment presents a much more

complicated system than the ocean, with a number of biotic

and abiotic factors at play, such as the complex anatomy of

the gut at both macroscopic (longitudinal segmentation, valves,

haustra, peristalsis and mass movement, secretion of bile, and

pancreatic juice) and microscopic (villi, microvilli, intestinal and

colonic glands, M cells, glycocalyx, and secreted mucus) levels,

the action of local immune system (secretion of sIgA into the

lumen), a constant influx of new phages, and their hosts from

the environment, as well as chemical composition, amounts,

and consistency of dietary residue. This results in phage popula-

tion dynamics that are fundamentally different to ocean ecosys-

tems. Lack of observable biomass control from phages leads

to bacterial densities (1011 cfu g�1 faeces) reaching the carrying

capacity of the habitat, while phage titers and VMR remain

comparatively low (<0.1). An unresolved question is why in
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such a dense community do we not see frequent phage bursts

leading to much higher VMR levels?

Knowles et al. analyzed data on various microbial ecosystems

with a focus on coral reef microbiota and demonstrated that

VMR dependency on total bacterial load is unimodal, peaking

at�106 cfu mL�1 (Knowles et al., 2016). This implies that phages

choose the lysogenic cycle or similar modes of temperate

infection not only in case of low concentration of their hosts as

was traditionally postulated, but also at very high host titers.

The evolutionary logic of the latter decision for the phage is to

take advantage of rapid bacterial proliferation and replicate

together with their successful hosts—to ‘‘piggyback the winner.’’

Recently, an extension of this theory has been proposed,

describing bacteriophage population dynamics on generic

mucosal surfaces (Silveira and Rohwer, 2016). According to

the proposed model, bacterial colonization levels are highest in

the top mucin layer, where ‘‘piggyback-the-winner’’ dynamics

occurs. Deeper into the mucin layer, bacterial colonization be-

comes scarcer, favoring ‘‘kill-the-winner’’ dynamics with high

VMR. The high loads of phage particles in the dense mucin adja-

cent to the epithelial lining provides an additional barrier against

bacterial invaders. At the same time, lysogenic infection favored

at the apical surface of the mucin layer can potentially facilitate

lateral gene transfer and lysogenic conversion of commensal

bacteria. Beneficial traits provided through lysogeny can include

genes improving adherence and expanding the metabolic ca-

pacity of a strain, resistance to super-infection by related

bacteriophages, and lysis of taxonomically related competitor

populations by controlled lysogen induction (Manrique et al.,

2017). Therefore, despite its metabolic costs, lysogeny can

potentially improve overall fitness, colonization ability, and

competitive exclusion of incoming pathogens and pathobionts.

This theoretical model is well supported by the experimental

data. For instance, Barr et al. observed that host-associated

bacteriophages can specifically bind to and accumulate in

mucin secretions in organisms ranging from cnidarians to hu-

mans (Barr et al., 2013). This binding is mediated by immuno-

globulin (Ig)-like capsid proteins binding to glycan residues in

mucin glycoproteins. The resulting model of bacteriophage-

mediated immunity was termed BAM (bacteriophage adherence

tomucus). In concurrence with these findings, TEMobservations

of colonic mucosa samples have reported higher levels of

bacteriophage colonization (Lepage et al., 2008) than that

observed for feces and cecal contents (Hoyles et al., 2014). Inter-

estingly, many Ig-like protein genes detected in the human gut

virome were subject to rapid diversification over time (Minot

et al., 2012). In addition, it was found that the majority of

luminal bacteriophages are indeed capable of lysogenic infec-

tion (Reyes et al., 2010) or lysogeny-like interaction (pseudoly-

sogeny, carrier state interaction) with their hosts, which, despite

efficient infection and replication of the phage, does not impede

bacterial host proliferation (Siringan et al., 2014; Shkoporov

et al., 2018a).

Contradictory to the fluctuating selection model and in agree-

ment with ‘‘piggyback-the-winner,’’ gut phageome composition

is stable over time, with 80%–95%of phage contigs retained in a

single individual over 1- to 2.5-year observation periods (Minot

et al., 2013; Reyes et al., 2010). As predicted by the latter model,

mutation accumulation rates were low for temperate Caudovir-

ales phages but significantly higher for obligately virulent Micro-

viridae phages (>1 nt substitution per 100 nt per day).

‘‘Piggyback-the-winner’’ offers an elegant explanation of low

VMRdespite high bacterial counts in the gut. Thismodel, howev-

er, fails to explain all observed phenomena. For example, strictly

virulent Microviridae phages are able to persist in the gut for

extended periods of time (Minot et al., 2013). At the same time,

virulent Myoviridae phage (4HSC03) and crAss-like phages

(4HSC04 and 4HSC05) were able to engraft and stably persist

in high amounts in mice colonized with a 15-strain artificial bac-

terial community without significant changes to the latter (Reyes

et al., 2013). In the same experiment, a temperate Siphoviridae

phage4HSC01 and aMicroviridae phage4HSC02were capable

of only briefly colonizingmice, causing a transient decline of their

hosts (Bacteroides caccae and Bacteroides ovatus) followed by

rapid recovery of microbiota and elimination of phages.

A number of studies have focused on phage-host dynamics in

the gut utilizing germ-free mice monocolonized with either non-

pathogenic or pathogenic strains of E. coli challenged with

well-characterized strictly virulent bacteriophages (Weiss et al.,

2009; Maura et al., 2012). Despite dramatic expansion of bacte-

riophage populations, little or no decrease was seen in E. coli

colonization levels. Interestingly, while phage T4 colonization

was transient, bacteriophage T7 was maintained at �1011 cfu

g�1 of feces with its host being stable at �1010 cfu g�1 of feces

(Weiss et al., 2009). Similar dynamics were reported with a three-

phage cocktail, which showed no detectable changes in coloni-

zation levels (Maura et al., 2012). Interestingly, eradication of

phage T4 from the gut, despite the presence of large numbers

of sensitive host, was not due to genetic resistance in E. coli.

Only 20%of E. coli clones became resistant on prolonged in vivo

exposure to phage T7, suggesting, on the one hand, the meta-

bolic cost of such resistance and, on the other hand, additional

factors at play in the living gut preventing the virulent phage

from completely wiping out its host. We observed rapid emer-

gence of resistance to a crAss-like phage in an in vitro co-culti-

vation system with its host, but this never resulted in complete

takeover by resistant clones (Shkoporov et al., 2018a). Interest-

ingly, the high mutation rate suggests that a genetic switch

mechanism rather than random point mutations may be respon-

sible for resistance. Furthermore, some of the mutants were

readily able to revert to sensitive phenotype, again suggesting

a metabolic cost associated with resistance.

Since strictly virulent bacteriophages are also available in

the gut lumen, without causing any significant disturbance to

the bacteriome, models other than ‘‘piggyback-the-winner’’ are

required to explain the ecological and evolutionary forces driving

maintenance of an equilibrium in the tripartite host-bacteriome-

phageome system. CRISPR-Cas systems provide a powerful

tool for bacterial cells to rapidly acquire resistance at popula-

tion or community level upon initial contact with a new bacte-

riophage. Of special interest are CRISPR arrays encoded

by temperate bacteriophages, adding an additional layer of

complexity to the system in the form of phage versus phage anti-

biosis (Minot et al., 2013). The enormous gene pool of the gut

microbiome and high frequency of lateral gene transfer pro-

motes the generation of diversity in both bacteriophages and

their hosts, with host switches occurring at rates much higher

than those seen in reductionist in vitro systems (De Sordi et al.,
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2017). Pseudolysogeny, which seems to be a common mecha-

nism of persistence for gut bacteriophages, was shown to

promote accumulation of mutations in infected hosts and a

build-up of resistance (Latino et al., 2016). However, despite

rapid diversification, there is no evidence of existence of Red

Queen dynamics in the gut, which would otherwise lead to

continuous directional selection of both multi-resistant hosts

and generalist bacteriophages. Instead, it seems that the meta-

bolic cost of resistance leads to slower growth of bacteria, while

the generally lower efficiency of generalist phages toward a

particular host prevents them from taking over the specialists

(Howard-Varona et al., 2018). Furthermore, the ‘‘enhanced infec-

tion’’ model predicts that metabolic cost-less resistance muta-

tions (e.g., alterations of cell envelope) can render a bacterial

clone sensitive to a different phage, leading to passive host

switching (Avrani et al., 2012).

The available experimental data, however, suggest that phys-

iological and epigenetic resistance (growth phase, expression of

surface receptors), as well as physical ‘‘abiotic’’ factors of the gut

biome (refugemodel), can play a decisive role in the protection of

bacterial cells from extermination by virulent bacteriophages

(Lourenço et al., 2018; Reyes et al., 2013; Weiss et al., 2009).

There is a significant deficit of knowledge regarding how the

gut anatomy at macroscopic and microscopic levels restricts

phage-host interactions. Further studies should focus on

biogeographic aspects of the gut phageome along both longitu-

dinal and radial axes. It is of special interest to investigate mech-

anisms of physiological and epigenetic regulation of phage

infection with prominent members of gut phageome, such as

crAss-like phages and Microviridae phages infecting Bacter-

oides, Prevotella, and Faecalibacterium.

Figure 4 illustrates available experimental data in the context

of the ‘‘piggyback-the-winner’’ model of bacteriophage coloni-

zation dynamics in the human colon. The gut lumen is a spatially

structured habitat with lytic-lysogenic switches occurring in the

radial direction. The central cylinder of luminal contents contains

little mucin and dense bacterial populations, propelled in the

distal direction by peristalsis and mass movement. A moderate

Figure 4. Bacteriophage Production in the
Human Gut
The luminal contents contain dense bacterial pop-
ulations, propelled in the distal direction by peri-
stalsis and mass movement. Lysogeny if favored in
the gut lumen over lytic cycle (‘‘piggyback-the-
winner’’ model) resulting in low virus to microbe ratio
(VMR). Toward the terminal colon prophage induc-
tion is more likely due to nutrient starvation and,
possibly, oxidative stress. In the thick mucin layer,
bacterial density is kept to relatively low levels,
causing a density-dependent switch to lytic cycle in
temperate bacteriophages (‘‘kill-the-winner’’ model).
Large amounts of phage particles become attached
to mucin where they provide BAM immunity and
could potentially translocate into lamina propria and
sub-mucosal layer triggering an anti-phage immune
response.

extent of phage production in the lumen

happens as a result of restricted lytic

cycles in case of virulent and pseudo-

temperate phages, as well as by sponta-

neous induction of prophages. The latter event is more likely to

happen as the colonic contents progress toward the distal colon

due to nutrient starvation and, possibly, oxidative stress. A thick

layer of mucus, protecting the epithelial lining of the colon

restricts bacterial density to relatively low levels, causing a den-

sity-dependent switch from lysogenic to lytic cycle in temperate

(and potentially in pseudo-temperate) bacteriophages. Large

amounts of phage particles become trapped in mucus, where

they provide BAM immunity and could potentially translocate

into the lamina propria and sub-mucosal layer triggering an

anti-phage immune response.

Conclusions and Future Perspectives

During the last decade viral metagenomics has helped to shed

some light onto the ‘‘known unknown’’ component of the gut mi-

crobiome and to enable insights into its taxonomic composition,

dynamics, and importance to human gut homeostasis. Deep

sequencing of bacteriophages in the GIT has uncovered previ-

ously overlooked viral populations of high complexity with

potential roles in regulation of overall microbiome composition

and in the onset, progression, and treatment of gut and systemic

disorders. Indeed, ample evidence exists for specific and lasting

changes in phageome composition in such diverse conditions as

IBD, malnutrition, and AIDS (Monaco et al., 2016; Norman et al.,

2015; Reyes et al., 2015). Co-transfer and stable engraftment of

bacteriophages during FMT further highlights their potential sta-

bilizing role in the microbiome (Draper et al., 2018). Successful

‘‘correction’’ of antibiotic-damaged microbiomes in CDI by ster-

ile FF transfer provides the first tantalizing evidence that phag-

eome manipulation may be an effective therapeutic strategy

(Ott et al., 2017). In fact, the gut phageome is already being

used as a source of individual phages with potential therapeutic

applications (Hargreaves and Clokie, 2014).

A major obstacle toward application of advanced phage-

based diagnostics and therapeutics is our incomplete under-

standing of the structure, dynamics, and function of the normal

gut phageome. Cross-sectional studies on a much larger scale

are required to address our lack of knowledge on the impact of
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age, sex, genetic background, and geographic variations of the

healthy phageome at the population level. At an organismal and

organ level, meticulous biogeographic analysis will be required

to understand how phage infection shapes microbial popula-

tions in various sections of the GIT along both longitudinal and

radial axes. In the light of recent discovery of bacteriophage

transfer and even phage-mediated microbiota correction in

FMT, it seems important to study the ability of bacteriophages

to spread horizontally or vertically (from mother to infant) in

human populations, as well as consequences of such spread

for microbiota composition.

While cross-sectional virome studies are important to under-

stand population-level variance, longitudinal studies will be

needed to identify persistent and accessory virome fractions

per individual and relationships between temporal shifts in

microbiome and virome in different life stages. Traditionally for

metagenomic studies, the composition of the virome is reflected

as the sum of relative abundances of the individual viral se-

quences. Recent microbiome studies put forward the impor-

tance of absolute quantification of species and assessing total

microbial loads for understanding of host-microbial interactions

in health and disease (Vandeputte et al., 2017). Truly quantitative

viromics with total viral load measures could be just as revela-

tory. In addition, new models will be required to explain the

unexpectedly low VMR in the gut, as well as the unusually high

temporal stability and low mutational rates of bacteriophage

populations. The ability of bacterial populations in the gut to sta-

bly co-exist with high titers of virulent phages also needs further

investigation. Isolation of previously uncultured but highly abun-

dant and important phages, such as crAss-like bacteriophages

and members of family Microviridae will help us understand

their biological properties and roles in the maintenance of a

dynamic equilibrium in the gut.

Finally, novel sequencing technologies and improved bio-

informatic pipelines in combinationwith phage culture techniques

and phage proteomics methods will help to shed light on the viral

dark matter, link previously uncultured bacteriophages to their

hosts, and help us to explore the functional potential of phage

genomes.
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