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Abstract

Over the past 20 years, our knowledge of virus diversity and abundance in
subsurface environments has expanded dramatically through application of
quantitative metagenomic approaches. In most subsurface environments, vi-
ral diversity and abundance rival viral diversity and abundance observed in
surface environments. Most of these viruses are uncharacterized in terms of
their hosts and replication cycles. Analysis of accessory metabolic genes en-
coded by subsurface viruses indicates that they evolved to replicate within
the unique features of their environments. The key question remains: What
role do these viruses play in the ecology and evolution of the environments
in which they replicate? Undoubtedly, as more virologists examine the role
of viruses in subsurface environments, new insights will emerge.
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Michael Crichton wrote, “Life will find a way.”

We modify this to, “Viruses will find a way.”

OVERVIEW

Viruses in subsurface environments are important players in influencing the ecology and evolution
of the microbial communities they infect. Beginning with the pioneering work of Bergh et al. (1)
and Proctor & Fuhrman (2) in the late 1980s and 1990, it has long been appreciated that ocean
surface waters and terrestrial soil environments harbor on the order of 1030–31 virus particles,
making viruses the most abundant life-like agents on Earth (3–7). Recent estimates suggest that
there are roughly an equivalent number of microbes living at and below the seafloor and in the
continental subsurface terrestrial surface environments [∼1029 cells in each (6, 8–10)] as in the
surface oceans. With estimates of 10–100 virus particles per cell, subsurface environments may
contain an equivalent or even greater number of virus particles than surface environments (11).
It is likely that these numbers are an underestimation of the true viral abundance. High virus
abundance combined with corresponding high estimates for virus infection rates of more than
1023 infections/s (4, 12) directly implicates host-virus interactions as key players in the ecology and
evolution of life wherever it is found.This review focuses on recent advances in our understanding
of the diversity, abundance, and ecological roles of viruses in Earth’s subsurface environments.

It is difficult to precisely define a subsurface environment. In general, Earth habitats can be
divided into three broad categories: surface terrestrial, surface marine, and subsurface environ-
ments. Subsurface environments can be both marine and terrestrial but represent environments
deep (50 m to thousands of meters) below the surface. Here we use the definition of subsurface
environments as terrestrial habitats below 8 m, oceans below 200 m, and their sediments (5), or as
habitats where direct influences of photosynthesis and interactions with Earth’s atmosphere are
minimal. Subsurface environments can be further divided into two categories: either productive
or detrital depending on whether organic carbon or inorganic carbon is the main carbon source
for the microbial community (13). Because no or little light is present in subsurface environments,
alternative electron donors to water are utilized, typically hydrogen (H2) or sulfide (H2S). In these
environments, diverse microbial communities and their viruses dominate. It is estimated that mi-
crobial communities in subsurface environments contain 13% of life’s carbon (70 billion tC) (6)
and account for ∼60% of all microorganisms on Earth (10, 14). Subsurface environments rep-
resent an extensive and diverse collection of microbial habitats that span a wide spatial range of
environments from terrestrial caves, hot and cold deep-sea vents, microfractures in terrestrial and
marine sediments, and deep within ice sheets to subsurface ocean environments (Table 1).While
there are interactions between surface and subsurface environments, the temporal scale of these
interactions can vary widely from months to millions of years depending on the environment and
the unique physical, geochemical, and biogeochemical conditions driving the ecology of the mi-
crobial communities and their viruses in subsurface environments (9, 11, 15). As discussed below,
viruses in subsurface environments have evolved along with their hosts to thrive in these unusual
environments. This review attempts to update our current knowledge of viral communities in
subsurface environments and to look forward to the enormous potential that future studies of
subsurface viral communities have to contribute to our appreciation of viral diversity on Earth
and the role viruses play in the ecology and evolution of life.

When we consider viruses in subsurface environments, it is important to remember that the
parasitic nature of all viruses demands that they have the same requirements to carry out their
replication as the minimum requirements for cellular life (16, 17) as well as a few additional unique
requirements. Both viruses and cells require access to liquid water, the ability to take advantage
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of energy-yielding redox reactions, temperatures below 121°C, and sufficient time to evolve. In
addition, all viruses require metabolically active cellular hosts to complete their replication cycles
as well as a mechanism to infect new hosts, either by horizontal transmission—typically by extra-
cellular release of infectious progeny virus particles—or by vertical transmission, where infectious
viral genomes are passed on to progeny cells during host cell division. Many subsurface environ-
ments meet these minimal physical and biological requirements, and we therefore should expect
viruses to be present in diverse subsurfaces where these conditions are met.

It has been proposed and it is reasonable to believe that viruses and virus-like agents have
coevolved since life emerged on Earth (18–25). In fact, deep-sea vents have been proposed to be
a site of early life and virus emergence on early Earth (26). It is likely that from the time of the
emergence of life on Earth and continuing to the present, cellular and virus evolution is, in part,
dependent on their constant interactions. To our knowledge, there is no known cellular life, either
extant or in the past, that has not interacted with viruses, and these interactions have been critical
for the evolution of both cells and viruses. Virus-infected cells take on a distinct physiological
state, termed the virocell state, as compared to uninfected cells (27, 28). It is estimated that 20–
40% of all prokaryotic cells in aquatic environments are in the virocell state (12, 29), and this
may well be an underestimation. This high level of host-virus interaction contributes to the fluid
exchange of genes between cells and viruses and vice versa that is well documented (30–34). It is
estimated that viruses transfer ∼1029 genes per day globally (34). Viral genomes can acquire and
modify host genes through recombination and other mutation mechanisms. Likewise, viruses can
alter the genetic content of their hosts through the process of transduction as well as by the direct
addition of viral genetic material to the host’s genetic capacity. Transduction can lead to both the
hosts and viruses acquiring new functional genes that can be beneficial for the host and/or viral
fitness (35–37).The two-way exchange of host and viral genetic material has had a strong influence
on creating most, if not all, present-day cellular and viral genomes.Host-lytic virus interactions in
microbial communities can play a key role in regulating host and virus abundance and community
structure. A second major ecological influence of viruses in many microbial environments is their
role in creating a viral shunt. The viral shunt is created by viral lysis of infected hosts, which
releases organic biomatter that can be either partitioned back into biomatter in the form of new
cells or released into the dissolved organic carbon fraction that can be removed from the habitat
by various transport mechanisms (4, 38–41). Through the viral shunt process, viruses are thought
to significantly contribute to Earth’s carbon, nitrogen, and phosphorus biogeochemical cycles (4,
41–44). It is estimated that the viral shunt releases nearly 10 billion tons of carbon per day and is a
key component in nutrient cycling in the oceans (12, 35, 38, 39, 42). There is no reason we should
not expect that host-virus interactions in subsurface environments also play similar critical roles
in the ecology and evolution of the environments in which they exist.

In recent years the view of host-virus interactions has expanded (45), with many identified in
subsurface environments. Lytic and temperate viruses with a lytic phase dominate our thinking
andmodeling of host-virus interactions. Inmany bacteria-dominatedmicrobial communities, lytic
outcomes can predominate, which is important for controlling host and virus diversity and the
microbial community structure. In contrast, nonlytic viruses or viruses that can convert a host into
a lysogen are also quite common. Lysogenic states include the provirus state where viral genomes
are integrated into the host genome, pseudolysogens that produce high levels of virus progeny
without killing their hosts, and polylysogens in which there is infection by multiple viruses within
the same cell. Both lytic and lysogenic states are present in all domains of life: eukarya, bacteria,
and archaea.Lysogeny appears to be a particularly successful replication strategy in low cell density
(approximately fewer than 106 cells/mL), low productivity environments like those found in many
subsurface environments (38, 46). Lysogens often take advantage of both a horizontal transmission
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pathway through budding of progeny virions and a vertical transmission pathway through host cell
division. It has been proposed that a large pool of proviruses in a microbial community provides
an important reservoir of virus-encoded genes (upon activation) for responding to environmental
stress, such as changes in nutrient availability (46, 47) or exposure to antimicrobial agents (48). In
many subsurface microbial communities—for example, deep-sea hydrothermal vents—lysogenic
states appear to be over-represented as compared to in surface environments (49, 50).

It is widely recognized that host-virus interactions can drive the diversity and abundance of
both viruses and their hosts, typically through a kill the winner model (Lotka-Volterra-type dy-
namics) (51). However, this is likely an oversimplification of host-virus interactions found in na-
ture, including in subsurface environments.This is because kill the winner models do not take into
full account changes in the environment, the presence of multiple viruses competing for the same
host, the ability of some viruses to infect more than one host, that many viruses have replication
cycles that do not require cell lysis, and that some virus infections can actually increase their host
fitness (52, 53). A modification of the kill the winner model, the piggyback the winner model, was
recently proposed (54, 55). This revised model takes into account the observation that in some
environments there is a reduction in the virus-to-microbe ratio at high host abundance (55–58).
This decrease is not a function of increased host resistance. The piggyback the winner model
postulates that high host abundance favors a switch to lysogenic infections as compared to lytic
infections, and this has been observed in the ocean water column (59). In summary, while there is
a general appreciation that host-virus interactions are important in microbial ecology and evolu-
tion, much remains to be understood about these host-virus interactions, especially in subsurface
environments.

Virologists, and scientists in general, have a tendency to view viruses through a lens of their
role as disease-causing agents. While there is no doubt that viruses are responsible for important
human, animal, and plant diseases, this myopic view downplays the potential benefits viruses can
provide their hosts. Increasingly, virus infections are being demonstrated to provide a fitness ad-
vantage to their hosts (60–62). While some virus infections lead to pathogenesis in their hosts,
many do not. Given the sheer number of host-virus interactions, it seems likely that viral patho-
genesis may not be as common as viral commensalism and mutualism. An expanded view of virus
genome architecture has emerged over the past few years. This view holds that viral genomes
can be composed of up to three classes of genes: (a) genes involved directly in completing the
virus replication cycle (e.g., viral polymerases, virion structural proteins, lysis proteins), (b) auxil-
iary metabolic genes (AMGs) that can provide niche-specific metabolic functions to their hosts,
often enhancing viral replication, and (c) viral genes that function to counter host antiviral defense
systems (Figure 1).

Knowledge of viral AMGs found in surface and subsurface environments is expanding (36,
37, 63–69). Most AMGs are thought to have originated from cellular genomes and to have been
co-opted by viruses to increase virus and/or host fitness under changing environmental condi-
tions. Two contrasting outcomes of AMGs have been noted (63, 70). In the first, AMGs optimize
virus propagation by altering host metabolism to favor virus replication. In the second, AMGs
increase host fitness by increasing substrate uptake and by altering interactions with other micro-
bial community members, including other viruses. Two classes of AMGs are recognized (63, 71,
72): those that have metabolic functions that can be assigned in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathways (Class I) and those that are absent from KEGG and
have a more peripheral role in metabolism (Class II). One of the first AMGs discovered was in
marine cyanophage (37, 65, 73–75). Many of the marine cyanophage that infect cyanobacterial
Prochloroccus and Synechococcus hosts carry the psbA gene in their genome that codes for a protein
of the core photosystem II reaction center D1. Viral expression of this protein helps maintain the
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Roles and attributes of viruses in subsurface environments: a conceptual framework for the three classes of
viral genes present in many subsurface viral genomes. Abbreviation: AMGs, auxiliary metabolic genes.

cell’s photosynthetic activity, providing cellular energy needed for viral replication. Analysis of
marine viral metagenomic data sets from both surface and deep ocean waters has found AMGs in
aggregate that cover nearly all of the genes in central carbon metabolism (36, 76). It is likely that
these AMGs allow virus infection to reprogram host carbonmetabolism. It has been proposed that
these AMGsmimic a carbon-limitedmetabolic state in the host, often inducing a state of starvation
that promotes production of host resources such as increased dNTP biosynthesis needed for virus
propagation (36, 63). AMGs encoded in viruses from subsurface environments have been found
to directly provide fitness advantages to their hosts. For example, deep-sea viruses carry AMGs
enhancing sulfur oxidation as a means of increasing chemosynthesis in deep ocean environments
(69, 77). Anantharaman et al. (77) showed that these viruses infect the sulfur-oxidizing bacteria
SUP05. Gammaproteobacteria encode AMGs for the alpha (rdsrA) and gamma (rdsrC) subunits
of the reverse-acting dissimilatory sulfite reductase complex (Rdsr) for sulfur oxidation. In addi-
tion, Roux et al. (67) found AMGs for dissimilatory sulfite reductase subunit C (dsrC) by analysis
of single-cell genomes from cells collected from marine oxygen minimum zones. AMGs associ-
ated with viruses found at deep marine hydrothermal vent sites are thought to create branched
metabolic pathways for pyrimidine, alanine, aspartate, glutamate, nitrogen, amino, and nucleotide
sugar metabolism, likely enhancing the host’s metabolic capacity and leading to increased host
fitness (78).

Viral genomes can encode for genes that counteract host antiviral systems. In recent years un-
derstanding of the diversity and function of host viral defense systems has expanded (79).We now
have a more mechanistic understanding of how many of these defense systems function to pre-
vent or subvert viral infection. Common host defense systems include abortive infection systems,
restriction-modification systems, toxin-antitoxin systems, CRISPR-Cas systems, argonautes, and
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cyclic nucleotide-based systems (reviewed in 80–82). Not surprisingly, viruses, including viruses
present in subsurface environments, have evolved systems to overcome host defense systems. The
anti-CRISPR (Acr) proteins are recently discovered anti-host defense proteins (reviewed in 83).
CRISPR-Cas systems are a common defense mechanism in prokaryotes and are estimated to ex-
ist in 50% of bacteria and 90% of archaea (84, 85). It has been observed that the CRISPR-Cas
system is under tight regulation and in some cases is not activated until cell density is high, when
microbial populations are more susceptible to virus infection.To counteract cellular CRISPR-Cas
systems, viruses have evolved Acr proteins (53, 86–90). Acr proteins tend to be small (53–333 aa)
and usually directly interact with CRISPR-Cas proteins to inactivate them. Enzymatic activities
of Acrs have also been discovered; they can act by cleaving CRISPR RNA (87, 91, 92), acety-
lating protospacer-adjacent motif recognition sites (93), or reducing nuclease activity that rapidly
degrades CRISPR cyclic signaling molecules (94). It has been shown that the multiplicity of infec-
tion (MOI) influences the efficacy of Acrs (86, 95). At lowMOI, Acrs are less effective, presumably
due to the rapid kinetics of the CRISPR-Cas systems.Models suggest that the MOI threshold for
Acr effectiveness is an indication of virus cooperation in which high Acr expression induces a state
of host immunosuppression benefiting the subsequent viral infections. Acr genes have been dis-
covered in the genomes of viruses found in subsurface environments. For example, in the archaeal
Sulfolobus islandicus rod-shaped virus (SIRV), 12 acrID1 paralogs were found. The acrlD1 protein
interacts with the host’s (Sulfolobus) Cas10d protein, thereby inhibiting CRISPR-Cas subtype I-D
immunity (96). It is unknown if these 12 Acrs function independently or act cooperatively. As He
and colleagues (96) pointed out, multiple copies of acr genes may result in higher Acr protein lev-
els that can inhibit the Sulfolobus CRISPR-Cas system in a timelier manner to the benefit of viral
replication. To our knowledge, there has not been a systematic search of surface and subsurface
metagenomic data sets for Acrs, which would be insightful for understanding the diversity and
ecological role for ACRs in subsurface environments.

CASE STUDIES

Our knowledge of viruses in subsurface environments is limited by access, difficulties in sampling,
costs, and the ability to recover virus particles across broad size and composition types. To date,
viruses have been examined to some extent in multiple subsurface environments but most exten-
sively inmarine environments (Table 1).These include deep-sea hydrothermal vent fluids (97, 98),
deep-sea cold seep sediments (99, 100), other deep-sea sediments (15, 101–110), surface and deep
seawaters (59, 72, 111–121), permafrost (122, 123), arctic lakes (124), glaciers (125), and terrestrial
subsurfaces disturbed by hydraulic fracking (126).While there has been an increased examination
of viruses present in subsurface environments, there are still many unexplored environments. A
number of subsurface microbial communities have been described to some extent, but their viral
communities have yet to be explored, including karst cave systems (127, 128), volcanic ice caves
(129), deep mines (130, 131), and deep ice environments (132).

While it is beyond the scope of this review to discuss all studies examining viruses inhabiting
subsurface environments, we highlight a few of them in the following case studies (Figure 2). In
general, most studies looking at viruses in subsurface environments are focused on defining the
virus diversity present, their relative abundance, and to a lesser extent their lifestyle (temperate
or lytic), metabolic capacity, and possible ecological role in the environments in which they are
located. Metagenomics, the creation and analysis of the resulting genetic sequences, has greatly
expanded our knowledge of microbial and viral diversity and has become the dominant approach
to investigate microbial communities present in subsurface environments. The availability of
ever-better DNA sequencing technologies and tools for quantitative analysis of metagenomic data
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Figure 2

Viruses in representative subsurface environments and their general features. Arrows indicate the potential for virus movement between
and within the subsurface environments.

sets has allowed for deeper DNA sequencing and analysis of microbial and viral genetic material
recovered directly from subsurface environmental samples. For example, there have been multiple
metagenomic studies on viruses present at deep-sea hydrothermal vents (47, 98, 133). From the
early studies it was suggested that deep-sea vent sites support viral communities that are diverse
and abundant and that infect a broad range of microbial hosts. Furthermore, temperate viruses
were found to be quite common, suggesting that this viral lifestyle is particularly well suited to
deep-sea vent environments. Thomas et al. (98) used metagenomic analysis to compare the virus
communities across three geochemically and geographically distinct deep-sea hydrothermal vent
fluids. They found that viruses near hydrothermal vents are active, abundant, and diverse, but
not broadly shared across different vent sites. In this study (98), 31 microbial metagenomic data
sets were generated and bioinformatically examined for the presence of viral sequences using
VirFinder (134). They looked at low pH and high pH vents located in close proximity to each
other (20 km) on the Mid-Cayman Rise in the Caribbean Sea and a low pH, high metal content
submarine volcano vent located on the Juan de Fuca Ridge in the Pacific Ocean at a 1,520-m
depth. Samples were collected both at the vent orifice and in vent plume waters. Across the
three vent areas, 28 different viral families were detected, 13 of which were detected at all three
vent areas, and 14 viral families were found in both Caribbean vent sites. While VirFinder likely
underdetects viral sequences in metagenomic data sets, it does allow for the relative abundances of
the detected viral sequences across data sets to be compared with high confidence. Both archaeal
and bacterial virus families were detected. Interestingly, archaeal virus families originally found
in terrestrial hot springs (135, 136), including the Fuselloviridae, Bicaudaviridae, and Guttaviridae,
were detected. In the highest temperature and lowest pH vent samples, archaeal viruses were
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more common. Outside of these vent sites, family members of the order Caudovirales (Myoviridae,
Podoviridae, Siphoviridae) were most common. However, differences in viral taxonomy were found
between the vent sites. For example, Hurwitz & Sullivan (113) found that Myoviridae had the
highest relative abundance in 12 of the 16 Pacific vent samples, while they were much lower
in the Caribbean vent sites that had higher relative abundance of Podoviridae and Guttaviridae
virus families. At least one vent site showed evidence that the viral community can persist
over a three-year sampling interval. Overall, the viral communities in the three vent sites had
high richness and were not dominated by specific viral strains. However, rare fraction analysis
indicated that the total diversity of viruses was not captured in this study. Network analysis
suggested that few viruses infected multiple microbial linages, indicating that few viruses were
generalists. Interestingly, Thomas et al. (98) found that the vent viral communities were endemic
to individual vent sites, suggesting that there is limited dispersal of viruses between vent fields
and/or that there is rapid local adaptation to each particular vent site.

Jian and colleagues (107) examined the diversity and distribution of viruses in the hadal bio-
sphere, defined as the deep ocean environments below 6,000 m. In this study, the microbial
metagenomes from seawater and sediment samples from three geographically distinct oceanic
trench sites were examined. Overall, 12,710 virus operational taxonomic units (vOTUs), which
roughly correspond to virus types or species, were defined using network clustering of data sets
from 19 publicly available metagenomes. In the seawater, 6,011 vOTUs were defined, while 6,573
vOTUs were defined in the sediments. Surprisingly, only 6 vOTUs were found in both environ-
ments. In contrast, 1,027 vOTUs were present in both the hadal metagenomes and the controls of
nonhadal marine environments, indicating a connection between these two environments. Most
of the vOTUs in the hadal data sets were novel. Greater than 99% of the vOTUs in the hadal
biosphere had no close homologs to viruses in the National Center for Biotechnology Informa-
tion Viral RefSeq, Global Oceans Viromes (GOV) 2.0, and IMG/VR viral databases. The vast
majority of the hadal biosphere vOTUs (85%) could not be taxonomically classified. Of the 15%
that could be classified, 13.5% fell into the Caudovirales order of double-stranded DNA (dsDNA)
viruses (Myoviridae, Siphoviridae, and Podoviridae viral families), and interestingly 0.6%were classi-
fied asmembers of the nucleocytoplasmic largeDNAviruses group.Among the predicted bacterial
hosts,Gammaproteobacteria,Alphaproteobacteria,Bacteroidia, and Acitinobacteria were the most com-
mon, while Thaumarchaeota was the most common archaeal phylum present. Viral hosts could be
assigned to 1,229 vOTUs (9.7%of total vOTUs), including 27 vOTUs that were assigned asThau-
marchaeota viruses. Jian et al. (107) also noted that a significant number of vOTUs co-occurred
across the three trench sites, suggesting the possibility of exchange of viral populations. There
were 815 vOTUs present in two ormore of the hadal trench sites.Both intertrench and intratrench
exchanges of viral communities were detected, which the authors speculate were likely a result of
current flow and deep ocean water circulation, upwelling of deep waters, and/or the downward
movement of particulate organic matter. The availability of nutrients and viral lifestyles of viruses
in the hadal biosphere was examined. It was found that the availability of nutrients, especially ni-
trogen and carbon, influenced niche-dependent distribution of viral populations. It was also found
that the lysogenic lifestyle was more common in the deep ocean than in the upper ocean. Interest-
ingly, niche-specific AMGs were found in the hadal viruses. One group of AMGs was associated
with nucleotide, amino acid, vitamin, cofactor, and metabolism-related protein families. A second
group of AMGs was associated with genetic information processing and cellular signaling pro-
cesses. These results suggest that viruses in the hadal biosphere contribute to reprogramming the
nitrogen and carbon metabolism of their hosts. Overall, the presence of diverse AMGs indicates
that virus infections are contributing to host metabolism, affecting ocean biogeochemical cycles,
and performing important ecological functions in their environments.
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Studies of the viral communities established in fracture shale ecosystems provide insights into
the rapid selection and establishment of viral communities when they are artificially introduced
from surface solutions (126, 137). These studies are particularly interesting because they tem-
porally track host and virus community dynamics during the introduction of surface solutions
into the previously closed environments in the deep subsurface. Hydraulic fracturing uses high-
pressure injection of chemicals and surface water into a shale formation, generating fracture net-
works that release gas and oil. The depth of injection is typically greater than 1,000 m, creating a
fractured network environment that is characterized by high pressures, temperatures, and salini-
ties. Input solutions and the resulting fluids that have passed through the shale were collected at
wellheads and in the oil-gas-water separators used in the extraction process. Temporal samples
were collected, and metagenomic analysis was used to monitor the development of the microbial
and viral communities. Changes in the host and virus community structures were examined for
up to ∼300 days after the start of the fracturing process. Daly and colleagues (126) monitored
viral and host community structures in multiple geographically separated hydraulically fractured
wells. In general, they found over time that a low-diversity host community of less than 10 micro-
bial operational taxonomic units was established that are dominated by anerobic Halanaerobium
spp. Interestingly, this low-diversity host environment was characterized by a high-diversity virus
community. Through a combination of the data from five well sites, 1,838 vOTUs at the species-
level taxonomy were identified, which is comparable to the estimated viral diversity seen in soil
ecosystems that harbor high microbial diversity (122, 138, 139). Of these 1,838 vOTUs, 34.8%
could be taxonomically assigned to the order Caudovirales, while 46% could not be assigned to
taxonomic groups. However, this 46% of vOTUs could be network clustered into 156 groups
that likely represent new candidate virus genus-level groups. The high level of virus diversity in
hydraulic fracture ecosystems is on par with the 658 previously described candidate genera from
104 viral-targeted samples collected for the GOV data sets (117). Unlike what was observed in
the hadal habitats, there is little detected overlap between the viral communities in the different
sampled hydraulically fractured shale ecosystems. This is likely a result of the differences between
the two subsurface environments, one being a closed system where a foreign microbial commu-
nity was recently and rapidly introduced by human intervention (hydraulically fractured shale
ecosystem), while the other is a long-standing, more open system that has not experienced the
rapid introduction of new/foreign microbial communities. In the case of the hydraulically frac-
tured shale ecosystem, Jian et al. (107) suggest that either strong founder effects and/or very rapid
diversification processes are responsible for the unique viral communities in each site. An active
lysogenic lifestyle was found to be enriched in the established viral communities as compared to
the input viral community as indicated by the strong correlation between viral and host relative
abundances. It is interesting that hosts are surviving despite high predation from free viruses and
induction of prophage. Furthermore, the large temporal fluctuations in host relative abundance,
in the absence of other predators, suggest that the changes in host strains are exclusively due
to viral predation. Overall, these studies (126, 137) show that viral lysis of hosts in hydraulically
fractured shale ecosystems both influences viral population structures and controls the release of
compounds from the lysed cells that can likely be utilized by other microbes.

The GOV 2.0 data sets have provided some of the most comprehensive surveys of ocean ds-
DNA viruses (117, 118).TheGOV data set is composed of 145 individual data sets with 3.95 Tb of
metagenomic sequencing data from virus communities, principally in epipelagic and mesopelagic
ocean waters from the world’s oceans. Through use of a combination of quantitative metagenomic
approaches including deeper DNA sequencing, improved assembly, and binning methods [STAR
methods (118)], a more robust picture of the ocean’s viral populations has emerged from these
studies. A total of 488,130 viral populations were identified where a viral population consists of
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viral contigs greater than 5 kb where greater than 70% of the shared genes have greater than or
equal to 95% average nucleotide identity across the shared contigs. Of the viral populations, 90%
could not be taxonomically classified to existing viral families. The remaining 10% that could be
classified were mostly dsDNA viruses belonging to the Caudovirales order (118). The distribution
of the viral populations fell within five meta-community zones defined by Bray-Curtis dissimi-
larity distances that represented five ecological zones: the Artic, Antarctic, epipelagic (0–150 m
BSL), mesopelagic (150–1,000 m BSL), and bathypelagic (>2,000 m BSL). The distribution of
viral populations mirrored the distribution of microbial populations, suggesting that ocean phys-
iochemical properties structure both. In support of this, temperature was found to be the major
driver structuring both viral and microbial populations (118). Within each sample site within the
five ecological zones there was evidence for high microdiversity, an indication that there is local
adaptation for the resident viral populations. In a separate previous analysis using a smaller num-
ber of metagenomic data sets [61 data sets (36, 72)], only a limited number of viral genes were
shared between the surface (phototropic zone) and subsurface (aphotic) zones. Low numbers of
protein clusters (24 clusters) were shared among all surface and deeper subsurface sites, indicating
that the deeper ocean viral communities are distinct from those of the upper ocean (72). Likewise,
a separate analysis of 78 marine viromes resulted in the assembly of 27,346 marine viral contigs.
When combined with 43 TaraOceans data sets (72), an average of 66% (Standard Deviation 19) of
contigs could not be assigned to known viruses and many viral contigs form uncharacterized viral
lineages (119). Coutinho et al. (119) also demonstrated that there are distinct viral communities in
the deeper oceans as compared to the surface waters. A more recent study of surface and deep-sea
viral communities in the South China Sea also found distinct viral communities in the deep ocean
as compared to the surface ocean (120). The deep-sea viral communities were less diverse than
their surface viral community counterparts. Of the vOTUs, 5,859 were found exclusively in the
deep-sea samples and 16,191 were found exclusively in surface waters, while 7,918 were found in
both. It was speculated that some of the shared vOTUs may have originated in the surface wa-
ters that had been vertically transported into the deep ocean. Few (10 vOTUs) were found in all
10 sampling sites, and only 74 of the 29,967 vOTUs could be taxonomically matched to culti-
vated viruses (120). Likewise, analysis of the GOV data sets showed that most virus groups were
unique to the GOV (658 candidate genera) or shared at least one GOV sequence (209 groups).
Importantly, 38 of these 867 GOV clusters represented 80% of the sample diversity in two or
more of the sampling stations, indicating that these virus types are abundant and widespread in
the oceans.Hosts were identified at the phylum level for 392 of the 867 viral clusters.Hosts for the
38 most abundant virus types were identified; most were restricted to eight microbial host phyla
present in the epipelagic zone: seven bacterial and one archaeal phylum. In general, Roux et al.
(117) found that among these 38 globally abundant viral clusters, there was a positive correlation
with the global richness of the host rather than the host’s relative abundance.This suggested to
the authors that globally distributed and abundant hosts are minimally diverse and provide fewer
viral niches as compared to the more diverse host groups at lower abundance, which may provide
more opportunities for virus niche differentiation (117).

A total of 243 likely AMGs were extracted from the GOV data sets, of which 95 were
known AMGs (117). Four of these AMGs associated with sulfur and nitrogen metabolism (dsrC,
soxYZ, P-II, and amoC) were further investigated. This subset of four AMGs included 12 gene
lineage subtypes. The presence of sulfur and nitrogen metabolism AMGs suggests that ocean
viruses are contributing to global nitrogen and sulfur cycling. AMG genes for sulfur reduction
[dissimilatory sulfur reductases (Dsr-like)] and sulfur oxidation (Sox-like) genes were detected.
Dsr genes are known from previous studies of viruses from deep-sea anoxic environments (77),
and it is noteworthy to see them detected in viruses from epipelagic zones. AMGs associated with
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nitrogen metabolism included P-II-related genes involved in nitrogen metabolism regulation in
both archaea and bacteria. A single GOV contig contained an amoC gene encoding the C subunit
of ammonia oxidation that was closely related to the AmoC gene in the cellular archaeal phylum
Thaumarchaeota. It was noted that seven of the examined AMGs were geographically limited,
mostly to southern oceans, while five were widespread across multiple epipelagic sampling sites
and one was widespread across mesopelagic sampling sites. The nutrient status of the sampling
site appeared to be indicative of the AMGs present. Low-nutrient sites tended to be locations
where dsrC-5 and soxYZ AMGs were detected, while P-II-1 was detected in high-nutrient sites.
This suggested to the authors that DSrC-5- and SoxYZ-containing viruses function to boost
sulfur oxidation in infected hosts while infection with P-II-expressing viruses in high-nutrient
sites might induce a state of nitrogen starvation that would induce alternative cellular nitrogen
producing pathways favoring nucleotide production for virus replication needs (117). In a separate
analysis, Coutinho et al. (119) also concluded that viral community structure adapts to the host
community to better exploit the host community. This was observed in AMGs associated with
purine/pyrimidine metabolism, nucleic acid biosynthesis, ATP-binding cassette transporters, and
transcriptional regulators between surface and deep ocean waters. Like the finding of exchange
of viral genes between geographically distinct hadal environments, there is evidence for passive
transport of viral communities on oceanic currents and that host and viral communities are locally
structured by environmental conditions. Other studies have similarly found that surface ocean
virus communities have high local diversity and low global diversity (140). These observations
support the previously proposed seed-bank model whereby viral community structures in the
ocean surface waters draw genetic variation from a common and relatively limited global viral
gene pool, and that local environmental conditions drive high local viral diversity (119, 140). It
remains to be determined if this model will also apply to deep ocean environments.

One factor limiting our understanding of the role of viruses in ecosystems is the fact that most
environments have large host and virus community structures, which limits our ability to compre-
hensively examine all host-virus interactions simultaneously.However, high-temperature (>75°C)
acidic (pH < 4) hot springs found in Yellowstone National Park (YNP) provide an opportunity
to define and monitor the near-complete host and virus communities due to the highly simpli-
fied microbial communities present in these hot springs (141, 142). These hot springs can be
viewed as subsurface environments because they harbor chemolithic microbial communities that
obtain energy by the oxidation of electron donors in their environments, and a component of the
waters that feed these hot springs originates in the deep subsurface. These molecules can be or-
ganic (chemoorganotrophs) or inorganic (chemolithotrophs). Photosynthetic organisms are not
present in these hot springs. The microbial communities in these environments are almost exclu-
sively hyperthermophilic archaea and their viruses. Few bacteria and no eukaryotes are present.
The cells in these hot springs are under chronic energy stress and are found at relatively low
microbial cell densities (typically 103–105 cells/mL) and at moderate virus particle-to-cell ratios
[typically 0.1–1 virus-like particle-to-cell ratio). One appeal of examining microbial communi-
ties and viruses in these hot springs as an analog to deep subsurface environments is the relative
ease of sampling, allowing for both short- and long-term temporal studies of viruses and their
hosts. More than 15 years of continuous monitoring of YNP hot springs using both culture-
dependent and culture-independent methods (metagenomics) has shown that these hot springs
are relatively simple microbial communities consisting of ∼10 archaeal and 1–2 bacterial mem-
bers that support a virus community of ∼200 members (141–143) (Figure 3). Many of the ar-
chaeal viruses discovered in these hot springs have unique virion morphology and gene content,
often forming new virus families (136, 144–147) (Figure 4). Most of the hosts are members of
the Crenarchaeota phylum of hyperthermophilic archaea. The bacterial hosts are usually species of
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Figure 3

Network analysis of virus populations present in acidic hot springs found in Yellowstone National Park,
USA. The 198 identified virus operational taxonomic units represent the majority of virus types present in
these hot springs, of which 179 have no characterized representatives. Dots represent individual viral contigs
and are colored by the viral cluster they are assigned to, and edges indicate genomic similarity between
contigs. Different colors represent different hot springs. Analysis performed by Jacob Munson-McGee.

Hydrogenobacterium. Long-term monitoring over years has demonstrated that the overall host and
viral community structures have remained relatively stable. However, there can be large changes
in the relative abundance of both hosts and viruses, which often fluctuate with seasonal varia-
tions. Several new archaeal viruses have been characterized from these hot springs, most of which
have been founding members of new virus families. Many of these viruses possess unusual virion
morphologies and gene content. These new morphologies include spindle-shaped and two-tailed
virions. Likewise, the gene content of these viruses can be unusual, containing genes with few
homologs to known genes of viruses from bacterial or eukaryotic hosts. Many of these archaeal
genomes, representing different taxonomic families of archaeal viruses such as Sulfolobus spindle-
shaped virus, Sulfolobus turreted icosahedral virus, and SIRV, encode for suspected AMGs and
genes to counter host CRISPR-Cas defense systems (94). These AMGs include suspected glycosi-
dases and transcriptional regulators while anti-CRISPR-Cas proteins directly target and inactivate
host Cas proteins (Cas 10D) or enzymatically degrade CRISPR-Cas cyclic nucleotide signaling
molecules (96).
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Figure 4

Negative stain (a,b) and cryo- (c,d) transmission electron microscopy of unusual virion morphologies found
in environmental samples of acidic hot springs present in Yellowstone National Park, USA. Spindle,
spherical, and rod-shaped morphologies are detected. Photos a and b courtesy of Sue Brumfield. Photos c
and d courtesy of Colin Gauvin.

Viral metagenomic sequence analysis from several different YNP hot springs, viral network
analysis, and cellular DNA and RNA sequencing have been carried out to develop a more com-
plete understanding of the virus community structure and activity (141, 142).We (M. Young, un-
published data) defined 198 vOTUs that represent the majority of virus types present in these hot
springs, of which 179 have no characterized representatives. Most of these virus groups are likely
new archaeal viruses that are widely distributed among the sampled hot springs. A surprisingly
high percentage of sequence reads in both the cellular DNA and RNA data sets map to the virus
network, indicating that most if not all cells are interacting with and replicating viruses. In support
of this finding, single-cell sequencing was combined with metagenomics to further characterize
the structure of host-virus associations.Through a combination of hexanucleotide analysis, single-
cell read mapping, network-based analytics, and CRISPR-based inference, it was estimated that at
least 60% of cells contain at least one virus type and many cells contain two or more virus types.
More than half of the detected viruses were found in more than two cellular clades, indicating a
broad host range. Overall, this work revealed a network of host-virus interactions in hot spring
environments.

SUMMARY AND FUTURE PERSPECTIVES

As this review has tried to highlight, over the past 10 years there have been significant advance-
ments in our understanding of viral communities in diverse subsurface environments. There are
at least four major findings we can take away from these efforts: (a) diverse and abundant viral
communities exist in subsurface environments that rival or possibly exceed the viral diversity and
abundance present in surface environments, (b) most of the viruses in subsurface environments
are new to science and remain uncharacterized, (c) viral replication at higher host densities where
hosts are thriving favors the lysogenic viral lifestyle, and (d) the detailed characterization of these
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new viruses, particularly of their AMGs and antihost defense genes, will likely lead to new insights
into how these viruses influence the ecology and evolution of life in subsurface environments.

Future studies of viral communities in subsurface environments will likely shift focus to a more
detailed understanding of the host-virus interactions and how those interactions control the ecol-
ogy and evolution of microbial communities and impact biogeochemical cycles. As the examina-
tion of viral communities in subsurface environments moves forward, it will become increasingly
important to study viruses in the context of the temporal and spatial dynamics of the viral and mi-
crobial communities in which they exist. Further advances in DNA sequencing technology (148)
as well as improved methods for detection of viral sequences in metagenomic data sets (149, 150)
will help establish viral host ranges and expand our knowledge of viral diversity in subsurface en-
vironments. Furthermore, development of culture-based-like approaches that can maintain host
and viral community structures under laboratory settings will allow for detailed, controlled,mech-
anistic studies of host-virus interactions. The past 20 years of subsurface environmental virology
have opened our eyes to a newworld of virology.The next 20 years of exploration will undoubtedly
lead to new discoveries on the role viruses play in subsurface environments.
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