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Chapter 10
Virome: Sentinels or Marauders 
in the Microbiome
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Umerali Kunnakkadan, and John Bernet Johnson

1  Introduction

The human virome is a part of one of the most complex ecosystems in the world, 
namely the microbiome. It represents a repertoire of all the viruses that inhabit the 
human body which includes the eukaryotic viruses, the virus-derived elements that 
are inserted into host chromosomes (endogenous retroviruses) and the bacterio-
phages that are capable of infecting the inhabitant bacteria and archaea (prokaryotic 
viruses) (Virgin 2014). A large number of viruses have been reported to inhabit 
humans, while only half of them are pathogenic (Parker 2016). Non-pathogenic 
viruses are referred to as “commensal” viruses as they survive by either integrating 
into the host chromosome or by infecting bacteria without causing any clinical out-
come. However, pathogenic ones have been shown to affect human health by caus-
ing acute, persistent, or latent infections which in many instances are detrimental to 
the host. The bulk of the healthy human virome comprises of the bacteriophages, 
which are capable of infecting bacteria present in the intestine and other parts of the 
human body. A study on the diversity of gut virome in 1-year-old infants has found 
a strong correlation between diversity and the manner of birth (McCann et al. 2018). 
Several pathogenic viruses are also transmitted to the newborn during vaginal deliv-
ery as well as during breastfeeding. The gut of the healthy neonates is devoid of any 
viruses at the time of birth. The direct transmission of the virus strains from the 
mother to the infant was validated by sequencing the fecal sample of the baby and 
the breast milk of the mother. Human milk viruses are important in shaping the gut 
virome of the infants and are also important in the overall immune development 
(Mohandas and Pannaraj 2020).
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Over the past decade, several studies have shed light on the link between the 
microbiome and the various states of human health. Nevertheless, a better under-
standing of the virome is still lacking when compared to the other players of the 
microbiome. This lag in knowledge is attributed to the absence of a universal viral 
sequence similar to the 16S rRNA present in the bacteria. Most often, the virus- 
enriched preparations do not align with any reference sequences and hence are rep-
resented as the viral “dark matter” (Roux et al. 2015). The dark matter hence might 
comprise several novel and highly divergent viruses, which collectively constitute 
the “viral assemblage”.

2  Factors Influencing the Distribution and Diversity 
of Virome

The microbiota of the human body is enriched with distinct microbial flora, which 
accommodates the growth of a variety of viruses. Several factors are known to affect 
the distribution and diversity of the human virome (Fig. 10.1). A major constituent 
of the human virome is bacteriophage, and the type and distribution of the microbial 
community has a significant impact on the distribution and diversity of the virome. 
Marked differences exist within the microbiome based on the anatomical site of 
distribution, and parallels can be drawn likewise with the virome (Abeles et  al. 
2014; Reyes et al. 2010). The establishment of human virome inside the body is 
closely associated with the initial colonization. Various viruses, including Zika 
virus, HIV, rubella virus, herpes simplex virus, and human papillomavirus, are 

Fig. 10.1 Factors influencing virome diversity and distribution in humans
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known to adopt a vertical mode of transfer during pregnancy (Leeper and Lutzkanin 
3rd 2018; Arora et al. 2017). According to Breitbart et al., neonates lack virome at 
birth but are gradually colonized after a week of age (Breitbart et al. 2008). This is 
supported by yet another study which identified a high diversity of gut virome in the 
neonates after just few weeks of birth (Lim et al. 2015). Breastfeeding is an impor-
tant factor in shaping the gut viral community in the neonates. An abundance in 
viral population was observed in infants who were exclusively fed formula than 
those dependent entirely or partially on breast milk (Liang et al. 2020b). Considering 
that breast milk is a rich source of maternal antibodies, immune cells, lactoferrin, 
mucin, and milk oligosaccharides which can restrict the invasion of a wide variety 
of viruses including influenza virus, rotavirus, enterovirus, norovirus, and SARS-
CoV, breast milk while protecting neonates from deadly viruses can aid in the adap-
tation and colonization of beneficial viruses (Lang et  al. 2011; Turin and Ochoa 
2014; Simister 2003; Pou et al. 2019; Albrecht and Arck 2020; Berlutti et al. 2011; 
Wicinski et al. 2020).

The diet, age, and sex of a person can also modulate the diversity of the virome 
(Fig. 10.1). It has been reported that oral viromes were similar in people with the 
same diet or oral bacterial population and between people from the same household 
or family (Robles-Sikisaka et al. 2013). This is compounded by a study that indi-
cated an inter-individual variation of the gut microbiome in response to diet changes 
(Minot et al. 2011). Within the oral cavity, significant variation in phage communi-
ties has been observed in the saliva, dental plaque, and subgingival and supragingi-
val biofilms (Wang et  al. 2016a, b). Sex-specific variation inside the oral viral 
community has been reported, wherein it was identified that the genotype of the oral 
virome in an individual is highly personalized and gender-specific (Abeles et  al. 
2014). The age and immune status of an individual are also key factors which can 
affect the richness of viral communities. Gregory et al. showed that the enrichment 
of eukaryotic viruses most importantly human Annelloviruses is high during infancy 
and then decreases with childhood and remains constant and low through the rest of 
life which corresponds to the fact that the patterns in viral diversity is age- dependent 
(Gregory et al. 2020).

There is also a direct correlation between the abundance of the viral population 
and an individual’s immune status. Studies have shown that boosting immunity is an 
effective strategy in enhancing anti-viral immunity in the gut. Metagenomic analy-
sis of viral population in the gut of an X-linked severe combined immunodeficiency 
patient revealed a viral population rich in adenovirus and bocaviruses and upon 
immune reconstitution, the gut microbiota was normalized and the viral infections 
were cleared (Clarke et al. 2018a). A positive effect of bacteria or bacterial compo-
nents in restricting viral infection has also been demonstrated wherein it was shown 
that flagellin exposure activated the immune response and restricted rotavirus infec-
tion in mice (Zhang et al. 2014). Alternatively, the administration of recombinant 
IFNλ could effectively clear persistent norovirus infection (Nice et al. 2015). These 
observations highlight that effective cross-talk exists between microbiome compo-
nents and the host which is pivotal in clearing pathogenic viruses which are also part 
of the virus assemblage.
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Host genetics also contributes to the virome composition and diversity. Studies 
have demonstrated that monozygotic twins have a similar microbiome compared to 
dizygotic twins (Goodrich et al. 2016; Goodrich et al. 2014). However, few studies 
have identified that the environment of an individual has a significant role in shaping 
the microbiome rather than host genetics (Rothschild et al. 2018). Several studies 
have also claimed a significant variation in human virome associated with geo-
graphic location (Holtz et al. 2014). However, it is not always true, for instance, 
Polyomavirus species collected from individuals of different geographic regions 
showed very low genetic diversity (Foulongne et al. 2012; Rascovan et al. 2016). 
Children with diarrhea from two locations within Australia have shown a significant 
variation of eukaryotic viromes with a differential prevalence of Adenoviridae and 
Picornaviridae (Holtz et al. 2014). Thus it is clear that viral abundance and diversity 
is dependent on multiple factors. As more and more systematic studies are carried 
out, it would emerge that many other factors besides those described above also 
contribute to the assemblage of viruses in the human virome.

3  System-Wise Distribution of the Human Virome

3.1  Ocular Virome

Ocular surface (OS) microbiome constitutes the microbiota that resides on the sur-
face of the conjunctiva and the cornea (micro-organisms that colonize eyelids are 
considered as a part of skin microbiota) (Lu and Liu 2016). Investigations into the 
ocular microbiome are a relatively new and emerging area and most of the studies 
are designed to investigate the prokaryotic residents as opposed to the larger, more 
inclusive microbial community including virome and mycobiome (Fig.  10.2). 
Culture-independent metagenomic studies on OS have revealed that, unlike skin or 
other mucosal tissues, the healthy OS microbiome is sparsely colonized (~100 times 
less than that of the facial skin or the buccal mucosa) (Doan et al. 2016). Analysis 
of metagenomic data of OS microbiome from 90 adult healthy individuals showed 
that approximately 98% of the microbial reads were of bacterial origin while viral 
and fungal sequences accounted for <1% each (Wen et  al. 2017). Doan T. et  al. 
employed biome representational in silico karyotyping (BRiSK), a deep sequencing 
technique that achieves unbiased representation of all DNA-based metagenomic 
constituents and uncovered the presence of viruses such as torque teno virus (TTV), 
multiple sclerosis-associated retrovirus (MRSV), and human endogenous retrovirus 
K (HERV-K) in the conjunctiva of healthy volunteers. Although less frequent, 
sequences pertaining to human papillomavirus (HPV), Merkel Cell Polyomavirus 
(MCV), and Abelson murine leukemia virus were also retrieved by BRiSK. A note-
worthy observation however was the high PCR positivity rate for TTV which was as 
high as 65% in all the conjunctiva samples tested, suggesting that TTV might be a 
homeostatic resident on ocular surfaces of healthy humans (Doan et  al. 2016). 
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However, in an unrelated study, deep sequencing of vitreous biopsies from patients 
with presumed culture-negative infectious endophthalmitis could identify TTV in 
all culture-negative samples, although a direct association or causation was not 
claimed (Lee et al. 2015). Though metagenomic deep sequencing allows a compre-
hensive analysis of microbial or host genetic materials in the sample, the choice of 
the genetic material (RNA vs DNA) can limit the power of the microbiome studies 
in the context of “virome.” Both the metagenomic studies highlighted above used 
DNA as their starting material which subsequently restrains or impacts the “virome” 
analysis as the approach is technically “blind” to the group of viruses with RNA as 
their genetic material.

3.2  Oral Virome

Microbial communities in the oral cavity are diverse comprising fungi, bacteria, and 
viruses. Traditionally, oral microbiome sampling was limited to saliva; but recent 
studies have identified distinct virus communities from other oral microenviron-
ments like dental plaques also. Saliva collected from healthy volunteers, when sub-
jected to SYBR-gold nucleic acid staining post sequential filtration, showed ~108 

Fig. 10.2 System-wise presence of virus niches in the human body
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virus-like particles (VLPs) per milliliter, majorly constituting lysogenic bacterio-
phages. Among the genomes analyzed, more than 90% accounted for prophages, 
which largely outnumber bacteriophages. Bacteriophages of the order caudovirales, 
belonging to the families Siphoviridae and Myoviridae, and Podoviridae are the 
most abundant. Herpesviridae, Papillomaviridae, Anelloviridae, and Redondoviridae 
families of eukaryotic viruses are also frequently encountered. Unlike many eukary-
otic viruses that are asymptomatic in healthy individuals (Table 10.1) (Wylie et al. 
2014), redondoviruses are found to be associated with periodontitis in the oral cav-
ity, and their abundance in the oro-respiratory tract has been implicated with worse 
prognosis in patients admitted in critical care facilities (Abbas et al. 2019a; Perez- 
Brocal and Moya 2018). The dental plaque has ~108 VLPs per milligram sample 
and shares a significant proportion of viral homologs with the salivary virome sug-
gesting the presence of some of the viruses in both the niches (Naidu et al. 2014). 
The oral virome is influenced by the living environment and its composition is tem-
porally regulated (Pride et al. 2012; Robles-Sikisaka et al. 2013).

The oral virome is dynamic in nature and it has been suggested that these viruses 
might serve as a reservoir of pathogenic gene functions, imparting virulence to the 
resident bacteria of the buccal cavity. The non-exclusive coexistence of both bacte-
riophages and their hosts in the same ecological niche points toward the existence 
of both positive and negative interactions between them (Pride et  al. 2012). The 
lysogenic lifestyle of the siphoviruses in the oral cavity, in a dynamic equilibrium 
with their prokaryotic hosts, makes them excellent vehicles for horizontal gene 
transfer, potentially imparting antibiotic resistance to the host. On the other hand, 
myoviruses and podoviruses being predominantly lytic are responsible for the elim-
ination of 20–80% of the oral bacteria. This arms race between phages and bacteria 
prevent the successful establishment of novel species of bacteria or phages in the 
oral cavity (Baker et al. 2017).

Table 10.1 Viral diversity across different anatomical sites of the human body

Location/
microenvironment Predominant virus families

Eye Anelloviridae, Retroviridae, Papillomaviridae, Polyomaviridae

Oral cavity Siphoviridae, Myoviridae, Podoviridae, Herpesviridae, 
Papillomaviridae, Anelloviridae, Redondoviridae

Gut Siphoviridae, Microviridae, Myoviridae,
crass like phages, Anelloviridae, Herpesviridae, Adenoviridae, 
Papillomaviridae, Polyomaviridae

Respiratory tract Inoviridae, Microviridae, Anelloviridae, Redondoviridae, 
Adenoviridae, Papillomaviridae, Herpesviridae

Central nervous system Siphoviridae, Myoviridae, Podoviridae,
Herpesviridae

Blood Phycodnaviridae, Picornaviridae, Mimiviridae, Marseilleviridae

Skin Microviridae, Siphoviridae, Papilloma, Polyomaviridae, Circoviridae, 
poxviridae

Urogenital tract Papillomaviridae, Anelloviridae, Herpesviridae
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3.3  Gut Virome

The collective population of both the eukaryotic and prokaryotic viruses colonizing 
the human gut comprises the human gut virome (Fig. 10.2). Although the total viral 
loads in the human gut vary from subject to subject, they can range anywhere 
between 2.2 × 108 and 8.4 × 1010 genome copies per gram of feces (Shkoporov et al. 
2019). The human Gut Virome database, a compilation of numerous microbial 
metagenomic studies across the continents, uncovered 33,242 potentially unique 
viral population found in the human gut (Gregory et  al. 2020). The viruses that 
infect bacteria (bacteriophages) predominate (>97%) the gut virome and evidences 
point to a temperate lifestyle exhibited by majority of the phages within the gut 
ecosystem (Ogilvie and Jones 2015). Most common bacteriophages in the gut 
virome belonged to the family Siphoviridae, Microviridae, and Myoviridae 
(Table 10.1). Another family of bacteriophage known as crAssphage and its expan-
sive group of crAss-like phages are the most abundant human-associated virus 
found in ~50% of the human gut samples, which often comprises 90% of the anno-
tated sequence reads in gut virome-specific metagenome (Shkoporov et al. 2018; 
Yutin et al. 2018). Though minimal in proportion, several DNA and RNA eukary-
otic viruses have also been detected in the feces sample. Most commonly associated 
RNA viruses included enterovirus, parechovirus, tombamovirus, sapovirus, calcivi-
ruses, astroviruses, and picornaviruses (Lim et al. 2015). Members from the family 
Anelloviridae, Herpesviridae, Adenoviridae, Papillomaviridae, and Polyomaviridae 
are the main eukaryotic DNA viruses associated with human intestinal virome 
(Rampelli et al. 2017). Although rare, contigs matching the sequences of megavi-
rome such as Mimivirus and Marseillevirus (Colson et al. 2013), an archaeal virus 
family (Lipothrixviridae) (Lim et al. 2015), and several plant pathogenic viruses 
have also been identified in the fecal metagenome (Table 10.1) (Zhang et al. 2006). 
Similar to their bacterial counterparts in the microbiome, the composition of the gut 
virome is also dynamic and is mostly shaped during the early years of the develop-
ment (Lim et al. 2015). In a longitudinal study of the intestinal virome in infants by 
Lim et al., it was found that the bacteriophage diversity was maximum at the earliest 
time point tested (month 0) and it eventually decreased with age. They also reported 
a noticeable shift in the composition of phage community trending toward a relative 
increase in the abundance of Microviridae family of bacteriophages by the age of 
24 months. Interestingly, a parallel analysis of gut bacterial diversity revealed an 
inverse correlation with the richness of the associated virome in an age-dependent 
manner indicating dynamic interplay during the early years of life (Lim et al. 2015). 
Studies with monozygotic twins indicated that, although co- twins and their respec-
tive mothers shared similar virome profiles, nevertheless, each subject harbored a 
distinct and unique individual virome irrespective of the genetic relatedness (Lim 
et al. 2015; Reyes et al. 2010). Despite high interpersonal variations in fecal virome 
among the subjects, intrapersonal diversity within individual subjects across time 
was very low. In a longitudinal study by Reyes et al., it was demonstrated that >95% 
of the virome was retained over a period of 1 year (Minot et al. 2013). Yet another 
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study suggested that nearly 80% of the virotypes persisted in the stool samples of a 
subject throughout the study period of 2.5  years (Minot et  al. 2011) indicating 
remarkable long-term genetic stability of the member species. This unusual genomic 
stability exhibited by the virome despite a hallmark error-prone viral replication 
system is due to the fact that majority of the phages in the virome exhibit a temper-
ate lifestyle with low mutation rates mainly because the viral genome maintenance 
involves replication by high fidelity bacterial DNA polymerase. Nevertheless, few 
members of the viral community (lytic bacteriophages such as members from 
Microviridae family) had very high substitution rates that propelled the evolution of 
some long-term virome members over time contributing to interpersonal virome 
diversity (Minot et al. 2013). It is well established that diet is a key modifier influ-
encing the composition of gut bacterial community. Congruently, Minot et  al. 
showed that a controlled diet can significantly alter gut virome composition where 
individuals on the same diet converged and showed a tendency toward more similar 
virome, however not identical (Minot et al. 2011).

3.4  Skin Virome

The human skin is the largest and the most exposed organ in the body which facili-
tates the inception of a complex ecosystem of cutaneous flora containing bacteria, 
fungi, and viruses. Investigations into the bacterial and fungal flora of the skin 
microbiota and their role in health and disease were extensively carried out in the 
last two decades, however, the studies related to their viral counterpart, the “virobi-
ota,” is still in its infancy. The human skin virobiota is highly diverse. Much like the 
composition of oral and the gut virome, bacteriophages from the order Caudovirales 
(mainly Microviridae and Siphoviridae family) largely predominate the niche com-
pared to the viruses that are potent human pathogens (Foulongne et  al. 2012). 
Among the other abundant bacteriophages of skin included Staphylococcus and 
Propionibacterium phages. Although the relative proportion of phages varied across 
different anatomical sites and skin microenvironment, >85% of the phages were 
predicted to exhibit temperate lifestyle (Hannigan et al. 2015). The eukaryotic DNA 
viruses in the skin include members of the family Papillomaviridae, Polyomaviridae, 
Circoviridae, and Poxviridae including sequences related to beta and gamma-papil-
lomaviruses (Table 10.1), human polyomavirus 6, 7, and 9, and Merkel cell poly-
omavirus (MCPyV) (Foulongne et al. 2012; Hannigan et al. 2015). Majority of the 
reads pertaining to RNA virome from the skin and the nasal swabs from a cohort of 
patients with primary immunodeficiency could be mapped to DNA viruses of the 
family Papillomaviridae and Polyomaviridae, suggesting actively replicating DNA 
viruses in the skin (Tirosh et al. 2018). While most studies focused on the composi-
tional analysis of the whole viral metagenome, a study by Hannigan et al. focused 
on the variability of the skin virome in the evolutionary context. They identified 106 
and 465 hypervariable loci in human papillomavirus (HPV) and Staphylococcus 
phages respectively which mapped to genes involved in host tropism, immune 

J. Nag et al.



223

evasion, virulent gene expression, and utilization of host resources. However, these 
hypervariable loci expressed low non-synonymous to synonymous ratio thereby 
suggesting purifying selection with a propensity to maintain the consensus protein 
sequences (Hannigan et al. 2017). Several factors affect the diversity of the viral 
communities in the skin, this includes the moisture content and the occlusion status 
of different anatomic sites. Significant differences in both alpha (within-sample) 
and beta (between-samples) diversities in the virome and the whole metagenome 
structure have been reported which strongly depended on the skin microenviron-
ment. The virome structure, but not the whole metagenome, significantly differed at 
each anatomical site paired over a period of 1 month for each sample, suggesting 
greater longitudinal stability of whole microbiome when compared to viral com-
munities (Hannigan et al. 2015). Cutaneous microflora is known to influence host 
immunity in a myriad of ways (reviewed in (Belkaid and Tamoutounour 2016)). 
However, the immune status of the host also plays a significant role in shaping the 
ecological constituents of the skin. A remarkable increase in the relative abundance 
of eukaryotic viruses in the skin of DOC8-deficient patients with primary immuno-
deficiency compared to healthy controls has been observed (Tirosh et  al. 2018). 
Unbiased high-throughput sequencing has also revealed the association of specific 
virus with certain diseases, for instance, approximately 25% of the patients with 
Merkel cell carcinoma (MCC) were identified with a strain of polyomavirus almost 
identical to human polyomavirus 9 as compared to 0.9% of the healthy controls 
without MCC (Sauvage et al. 2011). Yet another study reportedly confirmed rela-
tively high levels of MCPyV DNA in the skin samples of patients with MCC as 
compared to the age-matched healthy controls and other cutaneous cancer patients 
(Hashida et al. 2016). Metagenomic analysis of skin virome from a single subject 
with widespread warts could map 30% of all the reads to HPV genomes, particularly 
HPV2 (Landini et al. 2015). Thus the skin is enriched with viruses that are integral 
to the microbiome and these viruses can be either symbiotic or pathogenic.

3.5  Respiratory Tract Virome

The human respiratory tract is a dynamic site of interaction of diverse air-borne 
viruses that cocirculate in the space, forming an ecological niche, facilitating sev-
eral interspecific interactions (Fig. 10.2). Interactions within this niche are often 
maintained in a balanced state, failure of which affects the equilibrium and may turn 
out to be harmful to the host (Young et al. 2015; Willner et al. 2009; Wylie et al. 
2012; Clarke et al. 2018b; Abbas et al. 2017, 2019b). Although there are extensive 
evidences for bacteria-bacteria and bacteria-virus interactions, knowledge on the 
occurrence of virus-virus interactions is limited (Bosch et  al. 2013; Weinberger 
et al. 2015; McCullers and Rehg 2002). Many viruses have demonstrated selectivity 
in their attachment and replication in specific regions of the respiratory tract, which 
largely depends on the type and availability of specific receptors in those regions. 
Pathogenic viruses that target the respiratory tract have devastated mankind; the 
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most notable ones include the 1918 pandemic flu caused by H1N1 influenza virus 
and more recent COVID-19 caused by SARS-CoV-2.

The human respiratory virome consists of all the eukaryotic viruses and bacterio-
phages that are found in the upper respiratory tract and within the lungs. Sampling 
is the foremost challenge in defining the respiratory tract virome. For example, sam-
pling from the lower respiratory tract requires invasive procedures. Bronchoalveloar 
lavages are only possible in symptomatic individuals for which we do not have a 
normal healthy control (Wylie et al. 2012). Studies in patients with cystic fibrosis 
even showed that there was distinct virus population in different regions of the lung 
(Willner et al. 2012). Comprehensive studies so far have shown that like the gut 
virome, many species of phages including those belonging to the order caudovirales 
and the Inoviridae, and the Microviridae families are present in the lungs. The most 
pliable source of these phages is either the oral cavity or is derived from the upper 
respiratory tract. The most notable and widely prevalent families of viruses include 
those of Anelloviridae, Redondoviridae, Adenoviridae, Papillomaviridae, 
Herpesviridae, Picornaviridae, and Paramyxoviridae (Table 10.1) (Willner et  al. 
2009; Young et  al. 2015; Wylie et  al. 2012; Clarke et  al. 2018b; Abbas et  al. 
2017, 2019b).

4  Other Sites

4.1  The Central and Peripheral Nervous System Virome

The difficulty involved in studying the resident populations of viruses in the nervous 
system can at least in part be attributed to the difficulty in obtaining samples from 
normal and healthy individuals. Available literature on the virome of the nervous 
system is based on the analysis of cerebrospinal fluid. Viruses at times employ mul-
tiple mechanisms to breach the blood-brain barrier and can cause acute infection or 
can integrate into the genome of neuronal cells and be reactivated later. Apart from 
the pathogenic opportunistic viruses, regions of the nervous system are home to 
viral communities which included those belonging to Herpesviridae family but 
mostly predominated by phages. The phages in the CNS were found to be of 
Siphoviridae, Podoviridae, and Myoviridae families (Ghose et al. 2019).

4.2  Blood Virome

The human blood maybe least expected to harbor viral communities because of the 
presence of innumerable immune components including an array of immune cells, 
antibodies, and the complement system. It is known that the human blood is 
exploited by many pathogenic viruses and viremia, although can serve many times 
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as an indicator of the presence of viruses in the blood stream, is a tool used by these 
viruses to disseminate to distal sites. Interestingly, certain classes of viruses have 
been shown to co-habit the blood stream and the well-documented viruses belong to 
Phycodnaviridae, Picornaviridae, Mimiviridae, Marseilleviridae, and Herpesviridae 
families (Table 10.1) (Moustafa et al. 2017; Liu et al. 2018). The most compelling 
evidence was obtained in the case of viruses of Anelloviridae family, which was 
confirmed by electron microscopy besides the use of other genomic tools (Breitbart 
and Rohwer 2005). What is the precise role of these viruses in the blood and the 
nature of their very existence and source are intriguing questions that require sys-
tematic investigation.

4.3  Urogenital Tract Virome

The urogenital system of both the male and the female are also found to host a 
myriad of viruses. The richness of virome in this system is highlighted by the obser-
vation that urine samples of healthy individuals contain approximately 1 × 107 
virus-like particles per milliliter with phages and papilloma viruses contributing to 
the overall bulk of viruses (Santiago-Rodriguez et al. 2015; Garretto et al. 2019). 
Both the male and the female urogenital tracts are home to resident viruses. Analysis 
of the seminal fluid of healthy men showed that the predominant viral families 
include Anelloviridae, Herpesviridae, and Papillomaviridae while vaginal swabs 
from healthy women showed the presence of an abundance of double-stranded 
DNA phages (Table 10.1) (Jakobsen et al. 2020; Li et al. 2020).

5  Dynamics of Virome–Host Interactions

Viruses are largely believed to be obligate parasites. With technological advance-
ments in the last two decades, we have come to a point where we now know that 
they are not just parasites that are detrimental to the host, but many of them play 
dynamic roles in maintaining tissue homeostasis. A “healthy virome” is heteroge-
nous in nature and consists of three components (a) the viruses that systemically 
enter the human body mainly through food but however do not replicate, (b) viruses 
that infect prokaryotes and probably the unicellular eukaryotes that comprise the 
healthy human microbiome, and (c) the viruses that can essentially replicate and 
persist in humans. Several of them are essential parts of the ecosystem and coexist 
either temporarily or forever as symbionts. The mode of interaction is governed by 
multiple factors such as environment, diet, lifestyle, host and virus population struc-
ture, and the general health and immunity of the individuals. Due to the influence of 
the aforesaid factors and due to co-evolution of viruses with the host, the nature of 
the virus-host relationship does not follow a single pattern, but ranges from aggres-
sive antagonism to mutualism. Therefore, the borderline that dictates the time and 
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the conditions due to which the coexisting viruses may turn to be harmful cannot be 
well defined. Reports also suggest that the symbiotic association between persistent 
viruses and the host especially the retroviruses has contributed significantly to the 
constructive evolution of the host.

Growing evidence suggests that the human virome can act as an immune- 
modulator and thereby facilitating either the protection from or initiation of dis-
eases. Viruses present inside the human body can interact with both the microbiome 
and host cells, ultimately resulting in the immune variation inside the host (Shi and 
Gewirtz 2018). For example, during vertical transmission of mouse mammary 
tumor virus through maternal milk, the presence of MMTV-bound LPS complex 
activated TLR-4/MyD88 pathway resulting in the production of the immunosup-
pressive cytokine IL-10 in the pups, which facilitated the establishment of infection 
(Kane et al. 2011). Enteric bacteria promote murine norovirus infection of B cells 
by reducing the efficacy of IFN-λ mediated viral clearance, and depletion of intes-
tinal microbiota by antibiotic treatment reduced mouse norovirus replication in vivo 
(Jones et al. 2014; Baldridge et al. 2015). Analogous to this, ablation of microbiota 
negatively affected the initial infectivity of rotavirus and enhanced specific humoral 
immunity (Uchiyama et al. 2014). Human endogenous retroviruses (HERVs) have 
been found to be integrated into the human genome and play critical roles in modu-
lating host immunity even in the absence of functional viral proteins (Grandi and 
Tramontano 2018). The association between human and HERVs represents a typi-
cal symbiosis, which can have both beneficial and detrimental effects on the host. 
HERV-K is a bonafide member of the healthy virome and is found to suppress the 
spread of invasive melanoma (Singh et al. 2020). Parvovirus B19 (B19) infection in 
adults is asymptomatic in nature but with a prevalence rate of 25% in human skin 
biopsies (Bonvicini et al. 2010). However, they are capable of arresting hematopoi-
esis resulting in anemia and less frequently neutropenia, which may even be life- 
threatening in immune-compromised patients (Shehi et al. 2020).

Potential beneficial role of viruses in a holobiont is well noted in instances where 
viruses can even impede further infection or pathogenesis. Classic examples are 
where the Hepatitis G virus can slow down the progression of HIV infection to 
acquired immune deficiency syndrome (AIDS) (Tillmann et al. 2001) and that of 
latent herpes virus having a protective role against Listeria monocytogenes and 
Yersinia pestis infections (Barton et  al. 2007). On the contrary, cytomegalovirus 
(CMV) exhibits the potential to promote Pneumocystis jiroveci infections (an 
opportunistic pathogen causing severe pulmonary infections) in immunocompro-
mised patients (Lee et al. 2020). Several trans-kingdom interactions have also been 
reported. For example., influenza virus by virtue of its neuraminidase activity 
exposes several bacterial receptors on the cell surface which in turn augments the 
super infection with Streptococcus pneumoniae or Staphylococcus aureus (Bosch 
et al. 2013).

Human anelloviruses (AV) represent a group of highly diverse and omnipresent 
commensal viruses. Their presence in blood, tears, saliva, semen, breast milk, nasal 
secretion, bile, etc. suggest that these viruses exhibit a broad range of tropism 
(Kaczorowska and van der Hoek 2020). Children are mostly infected with AVs 
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months after birth, but these viruses have also been detected in children and adults 
of all ages (Vasilyev et al. 2009; Brassard et al. 2015). Pegiviruses cluster tightly 
with hepaciviruses which include the hepatitic C virus (HCV), which is a major 
human pathogen. The incidence rate of pegivirus infection in humans is 5%. 
Although suspected to be a causative agent of diarrhea, the prototypic pegivirus, 
formerly known as the hepatitis G virus (HGV), apparently is not linked to any 
pathology like HCV (Hartlage et al. 2016; Stapleton et al. 2011). They can readily 
infect and grow in human cell lines and are implicated in fighting the burden of 
AIDS (Greenhalgh et  al. 2019). Another example is that of Picobirnaviruses. 
Isolation and culturing of these viruses in the lab have proved difficult, and hence 
the true identity of the host still remains unknown. They have been isolated from the 
stool samples of individuals with diarrhea of unknown cause (Ganesh et al. 2012; 
Ganesh et al. 2014) and are suspected to infect bacteria populating the mammalian 
enteric tract (Krishnamurthy and Wang 2018). Also, infection with human cyto-
megalovirus can suppress superinfection with HIV-1 (King et al. 2006); and infec-
tion with hepatitis A can also suppress hepatitis C virus infection (Deterding et al. 
2006). Similarly, hepatitis C can suppress hepatitis B virus replication (Murai et al. 
2020). Human papillomaviruses (HPVs) often cause warts which are cleared by the 
immune system. But a small fraction of the individuals infected with HPVs (HPV-16 
and HPV-18) develop cervical cancer. High-risk HPVs, despite being carcinogenic, 
are also considered to be a symbiont, as the immunity produced against these com-
mensal papillomaviruses offers protection against skin cancers (Strickley et al. 2019).

The human intestine offers a conducive environment for both bacteria and viruses 
to thrive and this site of residence provides room for cross-talk between bacteria and 
viruses. The intestine nurtures both symbionts and commensals; however, their bio-
diversity diversifies during the various stages of development and aging. It also 
varies along the length of the gut and is influenced by the diet and several other 
environmental factors. Further, any immunodeficiencies and other host genetic fac-
tors affecting the immune regulation in the intestine can tip the balance towards 
pathological conditions in the intestine (Cadwell et al. 2010; Handley et al. 2016). 
The bulk of the virome in the intestine consists of bacteriophages followed by DNA 
viruses such as anelloviruses and herpesvirus and other endogenous retroviruses. 
However, the benefits and detrimental effects of the resident enteric viruses in 
healthy individuals and in the diseased need further investigation.

A plethora of diseases has been associated with the dysbiosis in the human gut 
microbiome (Carding et  al. 2015); however, studies that specifically link the gut 
virome with human diseases have only emerged recently. Inflammatory bowel dis-
ease (IBD) is a group of conditions that are characterized by chronic inflammation 
of the gut. As inflammation is directly related to a heightened immune response of 
the host, its effect should reflect on the composition of the gut virome in chronic 
cases of IBD. As expected, alteration in the gut viromes was observed in multiple 
cohorts of IBD. Patients with IBD had more rich and diverse taxa of bacteriophages, 
particularly of the order Caudovirales as compared to the controls which were usu-
ally accompanied by a significant reduction in the overall bacterial diversity in the 
IBD fecal microbiome (Norman et al. 2015). Whether the reduction in the diversity 
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of bacterial species in the IBD patients is a causal effect of the increase or abun-
dance of the bacteriophages is unknown. A significant increase in the relative levels 
of bacteriophages was also observed in patients with type 2 diabetes. Members of 
the family Podoviridae, Myoviridae, Siphoviridae, and yet unclassified families 
from the order Caudovirales were significantly abundant in type 2 diabetes when 
compared to the control group (Ma et al. 2018). Interestingly, a reverse trend was 
observed in the intestinal virome of type 1 diabetes patients, wherein the overall 
virome and bacteriophage diversity was less in the patients when compared to the 
matched control groups. The change in the virome was also associated with the 
development of autoimmunity which is typically observed in the case with type 1 
diabetes (Zhao et al. 2017). The stratification of the gut virome has also been used 
as a biomarker in the case of hypertension. Han et al. identified a group of 11 and 8 
viruses that can act as biomarkers to discriminate the cases with hypertension from 
the normal control groups respectively. Stratification of hypertension and prehyper-
tension group from the control groups based on the gut virome composition was 
validated to be superior and more accurate than the gut bacteriome (Han et al. 2018). 
Dysbiosis of the enteric virome has been reported in colorectal cancer (CRC), 
wherein the metagenomic samples from CRC patients were associated with signifi-
cant increase in the diversity of gut bacteriophages primarily exhibiting temperate 
lifestyle. Overall 22 viral taxa were identified which could be used as biomarkers to 
discriminate CRC cases from the controls. In this study, it was also suggested that a 
subgroup of 4 taxonomic markers was found to be strongly associated with poor 
prognosis and survival outcomes in colorectal cancer (Hannigan et al. 2018; Nakatsu 
et al. 2018). Although none of the studies linked or confirmed the cause of the con-
dition/disease to the alteration of the gut virome, these incidental studies can be 
used to predict the status or progression of the disease for better disease manage-
ment in the future.

6  Translational Prospects of Virome Research

Metagenomic analysis and next-generation sequencing studies have increased the 
knowledge about human-associated viruses and many studies on the characteriza-
tion of these viruses revealed their association with several disease phenotypes. For 
example, a metagenomic analysis in a patient with a respiratory tract infection 
revealed the presence of gamma papillomavirus; however, it was demonstrated to be 
unrelated to the disease (Canuti et al. 2014). Large data may or may not provide 
real-time evidence of the virus populations in a region, and the beneficial or patho-
genic nature of viruses thus identified especially in terms of disease may be 
correlative.

Identification and characterization of novel viruses in niches of microbiota will 
help us to determine their role in the host and this information can further be used 
to develop new strategies for disease prevention and therapies. As mentioned earlier 
the virome as a whole or viral diversity between individuals can be unique. Thus 
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personalized treatment strategies that takes into consideration the virome of an indi-
vidual can help target the disease effectively and thereby aid in improving the health 
status of an individual.

It is well documented that the bacteriome of an individual has a direct effect on 
the abundance of the phage community, and vice versa. Introduction of bacteria 
derived from the human gut into germ-free mice followed by inoculation of virus- 
like particles enriched from human feces showed a concomitant decrease of the 
bacterial population in the host and the levels of bacteria could stabilize only when 
the phage abundance decreased (Reyes et al. 2013). Phage therapy is widely used to 
eliminate multi-drug-resistant bacterial population as an alternative to antibiotics 
(Morozova et al. 2018). One more exciting aspect of phage therapy is that geneti-
cally modified phages can control nutrient biosynthesis and degradation especially 
in obese and dysmetabolic patients (Scarpellini et al. 2015).

The gut microbiome in its entirety is thought to function as an “organ” which 
coordinates with other bodily functions and has a potentially beneficial effect on 
human health. Dysbiosis of the gut microbiome composition and function are linked 
to many pathophysiological conditions and restoration of the same through fecal 
microbiota transplantation (FMT) has surfaced as a highly effective alternative 
treatment for patients with recurrent Clostridioides difficile infections (rCDI) and 
pediatric ulcerative colitis (Fujimoto et al. 2021; Broecker et al. 2016; Nusbaum 
et al. 2018). The success of the FMT is positively correlated with restructuring of 
the recipient’s gut bacterial community to levels that are either identical or resemble 
closely that of the healthy donor (Nusbaum et  al. 2018; Fujimoto et  al. 2021). 
Emerging evidence suggests the possible role of the inherent viral community in the 
outcome of the FMT treatment. An alternative approach to FMT is the treatment 
with sterile fecal filtrate (residual after removing the bacterial counterparts by a 
series of centrifugation and filtration steps), which was sufficient to restore normal 
bowel movements and eliminated all symptoms in patients with rCDI. Interestingly, 
a subject in the study who was initially treated with FMT with limited to no success, 
upon treatment with sterile fecal filtrate obtained from the same donor showed bet-
ter recovery and resolution of the symptoms (Ott et al. 2017). Since serious adverse 
events including deaths have been reported in FMT (reviewed in Wang et al. 2016a, 
b), fecal filtrate transfer and thereby the viral assemblage could be a viable alterna-
tive to FMT for the treatment of patients with rCDI, particularly in the case of 
immune-compromised individuals.

The effects that viruses have on human health are highly dependent on their ana-
tomical location inside the host and the interaction with other cells and microbes. 
All these factors have a direct influence on whether the virus has an advantageous, 
deleterious, or neutral impact on the host. Studies have shown that human pegivirus 
(HPgV) infection resulted in the survival of individuals infected with the human 
immunodeficiency virus (HIV). Greenhalgh et al. showed that HPgV vaccination 
resulted in reducing morbidity and mortality associated with HIV/AIDS (Greenhalgh 
et al. 2019). All these studies highlight that there is a pressing need for understand-
ing the interactions of the virome with the host cells and other microbes. This will 
open up new avenues in targeting disease and improving health.
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7  The Human Virome: The Extremes

Viral pathogens are innumerable and diverse in nature and are known to cause 
potential infections in humans which involve one or many sites. Local transmission 
results in virus replication and dissemination to distal sites by hematogenous route 
and results in viremia. Some viruses tap peripheral nerve endings to traverse across 
and gain access to the CNS. Integration of viral genes in the host genome may be a 
property of the virus but is also one of the features adopted by the viruses to evade 
the host immune system and to maintain a steady pool of viral genes which can later 
be used  during virus reactivation. Enrichment of a particular group of virus in the 
virome has been implicated in disease progression or severity. Such a phenomenon 
is well documented in Crohn’s disease and ulcerative colitis. Enhanced levels of 
Caudovirales, Hepadnaviridae, and Hepeviridae were found to be associated with 
Crohn’s disease or ulcerative colitis or both (Norman et al. 2015; Fernandes et al. 
2019; Ungaro et al. 2019; Zuo et al. 2019). A shift in the ratio of Microviridae to 
Caudovirales has been implicated in the early-onset of inflammatory bowel disease 
(Liang et al. 2020a). Similarly, a shift in the population dynamics of virulent and 
temperate phages was observed in Crohn’s disease patients (Clooney et al. 2019). 
Thus from the available data it is clear that unprecedented increase in specific fami-
lies of viruses can contribute to disease induction or exacerbation. Besides Crohn’s 
disease, an increase in enterovirus has been attributed to coeliac disease autoimmu-
nity, while a prevalence of Picobarnoviruses and Tobamoviruses has been reported 
in pregnant women with type 1 diabetes (Lindfors et  al. 2020; Wook Kim et  al. 
2019). Similarly, the presence of certain phages (Erwinia phage ɸEaH2, Lactococcus 
phage 1706) in the gut contributed to the development of hypertension (Monaco 
et al. 2016; Han et al. 2018).

Although outside the context of this chapter, it should be pointed out that viruses 
are also known to exploit the human microbiome to productively infect the host and 
also in many instances to evade the host immune system. Bacteria or bacterial com-
ponents are exploited by many members of the Picornaviridae family including 
polio virus, coxsackievirus A21, coxsackievirus B5, and echovirus 30 to gain stabil-
ity in their hostile environment to infect the host (Kuss et al. 2011; Waldman et al. 
2017). Enhancement in viral infectivity utilizing the host bacteria has also been 
reported in the case of rotavirus and reovirus (Uchiyama et al. 2014; Berger et al. 
2017). Poliovirus has been shown to exploit the lipopolysaccharide (LPS) and pep-
tidoglycan of the resident microbiome to replicate efficiently in the host (Robinson 
et al. 2014; Erickson et al. 2018). Such bacterial-virus interaction has been found to 
enhance poliovirus’s receptor interaction predominantly mediated by LPS and pro-
mote poliovirus co-infection (Robinson et al. 2014; Erickson et al. 2018; Kuss et al. 
2011). It is therefore quite evident that viruses can utilize the microbiome for their 
advantage but in some instances they are also known to disrupt the bacterial flora. A 
comparative analysis of microbiome from children with astrovirus, norovirus, rota-
virus, and adenovirus infection showed that a substantial decline in Bifidobacterium 
and the overall microbiome diversity in the astrovirus- infected cases (Ma et al. 2011).
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Reports on the beneficial role of the virome to the host are relatively limited in 
number, but accumulating evidences from both clinical and animal studies are quite 
compelling. At least two reports highlight the importance of virome diversity in 
limiting disease. An overall reduction in viral diversity was identified as one of the 
contributing factors in type 1 diabetes and acute malnutrition (Zhao et  al. 2017; 
Terho et al. 1983). Especially in the gut which is known to host phages, there exists 
a constant tussle between the phages and resident bacteria. As described earlier, a 
shift in the phage property from virulent to temperate supported Crohn’s disease 
(Clooney et al. 2019). Such a disparity in the virus-bacteria interaction also resulted 
in exacerbation of ulcerative colitis and growth stunting in children (Khan Mirzaei 
et al. 2020; Desai et al. 2020). Thus it is clear that the resident phages are important 
for restricting pathogenic bacteria and supporting the host. Experimental studies on 
gnotobiotic mice demonstrated that the effects of the lack in bacteria are compen-
sated by murine norovirus that had chronically infected these mice (Kernbauer et al. 
2014). Type III interferon induction in the intestine by murine astrovirus could 
effectively keep the enteric norovirus at bay (Ingle et al. 2019). Thus it can be con-
fidently asserted that the resident human virome can have a positive effect on the 
overall health status of the host.

8  Conclusions and Future Perspectives

Microbes predominate the host cells in number and were often considered to be 
associated with human diseases. Technological advancements in the field of genom-
ics have helped us foray into unchartered territories like the human microbiome in 
which significant progress has been made. It now emerges that the microbiome is an 
integral part of the host, albeit in a personalized manner. Studies suggest that the 
role of the human microbiome is multifaceted, playing a major role in the overall 
physiology. With the emergence of the virus assemblage as a part of the microbiome 
family, many questions have come to the forefront. Some of the viruses are known 
to spill over into humans from other species or are transmitted between humans and 
are either cleared by the host or can have devastating effects on the host. Yet others 
are known to integrate into the host genome and remain dormant until ambient con-
ditions arise. So the big question is what constitutes the “virus assemblage”? It is 
now better understood that many viruses reside in the host at specific sites and their 
relative abundance is dependent on multiple factors. This is quite evident in the case 
of the neonates where the mother plays an important role in the initial virome 
enrichment. The biggest conundrum in the field of virome is the source of the 
viruses in the assemblage as to whether they are resident or are contaminants. The 
inability to recover viruses, to culture and characterize them, the non-existence of 
reliable molecular markers and sample contamination, all compound to the prob-
lem, adding to the concept of “viral dark matter”. However, of much promise is the 
evidence, that like the bacterial entities of the microbiome, the virome also plays a 
pivotal role in contributing to normal host functions and in some cases also adversely 
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affecting the host, resulting in disease conditions. All this points to the fact that the 
field is in its infancy and serious investigations including setting up of standardiza-
tion parameters are required to repeal the controversies associated with this field. 
The cross-talk between organ systems which is highlighted as axes, including the 
gut-liver axis, gut-brain axis, etc., are noted check points in maintaining normal 
physiology and homeostasis which is well appreciated. The role of the microbiome 
in limiting pathogenic bacteria and thereby alleviating major disorders like liver 
cirrhosis is well appreciated. To what extent the liver virome is involved in these 
axes remains under-studied and requires in-depth investigation.

The relevance of the resident microbiome in the overall health of an individual is 
gaining wider recognition. Supplementation of pro-biotics during antibiotic admin-
istration and managing of certain metabolic and immune disorders using FMT are 
emerging as established clinical practices. Clinically, the contribution of virome to 
the well-being of an individual remains under-appreciated partly due to the limited 
studies in this area. Alongside the diet and other factors, the existence of cross-talk 
between the virome and bacteriome is gaining more and more traction. Evidences 
point to a role of certain viral populations in aggravating disease while others abro-
gate the symptoms as in the case of Crohn’s disease. Viral pathogens like HIV and 
H1N1, post-infection generate conditions conducive for secondary infections. One 
school of thought is the potent immune response initiated by such pathogens can 
mediate depletion of beneficial bacteria and viruses which indirectly facilitates the 
survival and spread of the pathogens. More recently, gut bacteriome dysbiosis due 
to SARS-CoV-2 infection has been attributed as a contributing factor for disease 
severity and poor recovery. A similar scenario is possible with anti-viral administra-
tion, which can deplete the healthy virome besides targeting the pathogen; however, 
detailed and systematic studies are required to gain further knowledge in this area. 
Thus the field of virome is riddled with exciting mysteries that require careful 
unraveling which may have significant implications in understanding the virus 
niches in the human body and their interaction with the host.
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