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Abstract 
Viral metagenomics is an emerging field that enables 

comprehensive analysis of viral populations in diverse 

ecosystems. High-throughput sequencing has revealed 

that viruses are the most abundant biological entities on 

Earth, profoundly influencing microbial community 

dynamics and ecosystem functioning. This review 

synthesizes findings from viral metagenomic studies 

conducted across marine, soil, and human-associated 

habitats. Data from next-generation sequencing and 

bioinformatic pipelines were examined to assess viral 

diversity, abundance, and their ecological roles in 

microbial regulation, nutrient cycling, and host 

interactions. Marine ecosystems harbor remarkable viral 

diversity, with approximately 15,000 viral genotypes per 

milliliter of seawater, regulating bacterial populations and 

contributing to global nutrient and carbon cycling. In soil, 

an estimated 10 viral particles per gram shape microbial 

interactions, influencing nutrient turnover and plant 

health. Within the human microbiome, trillions of viruses, 

particularly bacteriophages, modulate microbial 

composition  and   may   affect   host   health   by    altering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

microbial dynamics. The virome’s diversity and ecological 

influence highlight viruses as key regulators of microbial 

communities. Their roles extend beyond predation to 

genetic exchange and ecosystem resilience. Insights from 

viral metagenomics also carry applied significance for 

agriculture, environmental sustainability, and human 

health interventions. Viral metagenomics continues to 

expand our understanding of ecosystems by uncovering 

the hidden virosphere. By elucidating viral diversity and 

their interactions with microbial hosts, this field 

underscores viruses’ fundamental roles in shaping 

ecological balance and human well-being. 
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1. Introduction 

Viruses are now recognized as the most abundant biological entities 
on Earth, outnumbering cellular life across nearly all ecosystems, 
from the open oceans to extreme habitats such as permafrost and 
hot springs (Zhang et al., 2018; Graham et al., 2019). They exert 
profound influence on microbial communities, ecosystem 
functioning, and global biogeochemical cycles. Historically, viral 
research was constrained by culture-dependent techniques, which 
required co-cultivation of viruses with their cellular hosts. 
However, such methods provided only a limited view of viral 
diversity because the vast majority of viruses remain uncultivable 
(Nooij et al., 2019). The advent of  
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viral metagenomics has transformed this field by enabling direct 
sequencing of viral nucleic acids from environmental samples, 
thereby bypassing the cultivation bottleneck (Edwards & Rohwer, 
2005). 
Studies in extreme environments have revealed significant viral 
genetic diversity and complexity, offering insights into viral 
adaptation and evolution. Extremophiles—organisms capable of 
surviving in high salinity, acidity, temperature, or radiation—serve 
as hosts for diverse viruses (Merino et al., 2019; Castelán-Sánchez 
et al., 2019). Because viruses require living hosts for replication, 
their interactions shape host population dynamics, influence 
microbial diversity, and even alter host genomes through horizontal 
gene transfer (Zhang et al., 2018; Brüssow et al., 2004). These 
interactions are particularly consequential in extreme 
environments, where viruses regulate microbial development and 
contribute indirectly to global biogeochemical cycles, including 
carbon and nutrient turnover (Weitz et al., 2018; Suttle, 2007). Yet, 
despite their ecological importance, knowledge of viral diversity 
and prevalence in extreme habitats remains limited (Paez-Espino et 
al., 2016). 
The rise of metagenomics offers unique opportunities to explore 
viromes—the total viral genetic content of a habitat. Unlike 
conventional virology, which focuses on isolated viruses, 
metagenomics provides a community-wide perspective, 
uncovering novel viral sequences and functions (Mokili et al., 2012; 
Breitbart et al., 2002). Many newly discovered viral sequences have 
no homologues in existing databases, underscoring the extent of 
“viral dark matter” (Hayes et al., 2017; Roux et al., 2019). This has 
major implications not only for understanding viral diversity but 
also for identifying novel proteins, enzymes, and bioactive 
molecules with potential biotechnological and medical applications 
(Mead et al., 2010; Berger et al., 2013). 
Marine environments provide striking examples of viral abundance 
and influence. Estimates suggest that a milliliter of seawater can 
contain up to 15,000 viral genotypes (Suttle, 2007; Brum & Sullivan, 
2015). These viruses regulate bacterial populations through 
infection and lysis, thereby controlling microbial community 
structure and driving nutrient recycling. Viral lysis releases 
dissolved organic matter, fueling microbial food webs and 
influencing global carbon cycling (Weinbauer, 2004). Similarly, soil 
viromes are now being revealed through metagenomics. Soil 
viruses, estimated at 10⁷ to 10⁸ particles per gram, modulate plant-
microbe interactions and affect nutrient cycling processes, which 
has direct implications for agriculture and land management 
(Emerson et al., 2018). 
Human-associated viromes also exemplify the ecological and 
biomedical significance of viral metagenomics. The human gut 
virome is dominated by bacteriophages, which influence 
microbiome composition and may modulate susceptibility to 

diseases, including Clostridium difficile infections and 
inflammatory disorders (Ott et al., 2017; Duerkop & Hooper, 2013). 
Discoveries such as crAssphage—one of the most abundant viruses 
in the human gut—highlight the power of metagenomics to 
uncover key viral players previously hidden from view (Díaz-
Muñoz, 2019). These findings bridge ecology and medicine, 
showing how viral ecology can inform human health. 
Despite rapid advances in sequencing, challenges remain. Viral 
genomes are highly diverse, with small sizes, unusual structures, 
and rapid evolutionary rates, complicating assembly and 
classification (Pratama et al., 2021; Holmes et al., 2019). Moreover, 
sampling bias persists, as much of Earth’s virome, especially from 
extreme environments, is underexplored (Paez-Espino et al., 2016; 
Wommack & Colwell, 2000). Integrating multi-omics 
approaches—combining viral metagenomics with 
metatranscriptomics, metaproteomics, and single-virus 
genomics—holds promise for resolving functional roles of viruses 
across ecosystems (Brum & Sullivan, 2015; Gregory et al., 2016). 
Viral metagenomics has revolutionized virology by revealing the 
immense, previously hidden diversity of viruses and their roles in 
microbial ecology. By applying an ecological framework, 
researchers can better understand viral diversity, distribution, and 
interactions, as well as their consequences for ecosystem stability, 
global nutrient cycles, and human health (Huntemann et al., 2016; 
Hurwitz et al., 2013). This introduction sets the stage for examining 
how viral metagenomics contributes to our understanding of 
microbial community dynamics in both natural and host-
associated ecosystems, with a special emphasis on extreme 
environments.  
The objectives of this review study are to investigate the diversity 
and composition of viral populations across marine, soil, and 
human-associated ecosystems using metagenomic approaches; to 
analyze the role of viruses in shaping microbial community 
dynamics and regulating biogeochemical cycles in various 
ecological settings; and to evaluate the potential ecological and 
health implications of virome diversity, particularly within extreme 
environments and host-associated microbiomes. 
 
2. The Important of an Ecological framework for viral 
metagenomics 
Ecology aims to explain the variety, dispersion, and dynamics of 
biological systems by examining how organisms interact with their 
biotic and abiotic environments (Figure 1). The enormous variety 
and impact of viruses in ecosystems, including soils, seas, and even 
glaciers, are being revealed by viral metagenomics (Huntemann, et  
al. 2016).The relationship between viruses in these environments 
and on the variety and quantity of their hosts, the rivals of the hosts, 
and the viral consequences impact the metabolic processes of hosts, 
may now be examined beyond the restricted number of virus-host 
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combinations that can be refined (Woodcroft, et al. 2018.). 
Researchers are starting to look at the indirect impacts of viral 
infections on biogeochemical cycles (Carlson, et al. 2019), the 
impact of viruses’ simple existence on hosts even in the absence of 
infection (Lazzareschi, et al. 2015), and the domino consequences 
of viral infection on the community in which their hosts interact 
(Duerkop et al,. 2021.). They hold the potential to progress virology 
in a variety of contexts, including environmental and medicinal. 
The variety of hosts that viruses may infect as well as the ways in 
which viruses interact with one another to either enhance or 
prevent Viral metagenomics is also being used to investigate 
coinfection of the same host (Muñoz SL. 2019). Keeping an eye out 
for viruses that could spread to humans by expanding their host 
range in ecosystems or tamed animals, referred to as spillover, has 
previously shown connections between environmental and medical 
(Petres , et al. 2019). 
The identification of a variety of viruses from host-associated 
microbial communities has been made possible by developments in 
metagenomic techniques (Duerkop & Hooper 2013). In this light, 
the finding of cross-assembly phage (crAssphage) and its relatives 
is a groundbreaking discovery that co-occur with the Bacteroidetes 
phylum present in the gut and make up up to 90% of the human gut 
virome reads. The capacity of opportunistic bacterial pathogens, 
such as Clostridium difficile and vancomycin-resistant 
Enterococcus, to establish in the gut has been linked to the variety 
and dynamics of viral community composition (Bharti, et al. 2017). 
Manifestation and development of diseases linked to the 
immunodeficiency syndrome (AIDS) (Ghebremichael, et al. 2016), 
and the intensity of infections in the respiratory tract (Bjerkner A, 
et al. 2012). Multiple forms of ecological interactions between 
bacteriophages (phage), which are the major members of the 
commensal microbiota, might be the cause of these effects (Davis-
Long, et al. 2012). They may arise, for instance, via direct parasitism, 
from lysing their hosts and changing the makeup of the community, 
or by horizontal gene transfer moderating the genetic diversity and 
functioning of local bacterial populations (Figure 2). 
Furthermore improving our knowledge of viral molecular processes 
is viral metagenomics. Studies on the interactions between 
phagebacteria and microbial communities can shed light on the 
ways in which phages affect the composition, dynamics, and 
evolution of microbial communities (Thompson . 2012), facilitate 
lateral gene transfer (Thompson et al,. 2012), and have practical 
applications in medical (Palmer KL, et al. 2020.), industrial 
(Sulakvelidze. 2017), and other contexts. Metagenomics of viruses, 
either both on its own and in conjunction with additional high-
throughput technologies, such single-cell more thorough 
cataloging of virus-host connections in the context of various 
microbial communities has been made possible by genomics or 
metaproteomics (Huntemann , et al. 2016). By filling in the gaps in 

public databases with viral sequences from different ecosystems, 
viral metagenomics is contributing to the improvement of viral 
diagnosis, pathogenesis understanding, and identification of 
preventive and therapeutic measures. Community guidelines for 
the minimal amount of data required regarding an genomic 
sequence produced from an uncultivated virus considerably boosts 
the capacity of these databases by giving an ecological background 
(Kropinski, et al. 2019).  
 
3. Metagenomic Approaches to Viral Diversity and Their 
Distributions 
Viral genome assembly and detection are necessary for the study of 
viral diversity and dispersion. Metagenomics-based identification 
necessitates genome assembly, whereas marker genes for certain 
lineages [such as RNA-dependent RNA polymerase (Holmes et al,. 
2019)  or viral hallmark genes and viral motifs may be used to 
identify particular viral genomes (Peretti A, et al. 2020). Several 
methods, including as short-read or long-read sequencing of 
extracted double-stranded (ds) or single-stranded (ss) DNA, or 
reverse transcription of DNA from RNA (complementary DNA), 
can be used to build genomes. One can directly get these nucleic 
acids from the sample or extract taken from VLPs  that was acquired 
by to separate viruses, employ centrifugation or filtering. Every 
strategy has different benefits and drawbacks serves various 
objectives in the identification and detection of viruses. When it is 
time to decide on an approach for identifying the diversity and 
distribution of viruses in an environment, the first consideration is 
whether to focus on the whole sample or only the VLPs. The entire 
sample will contain far more nucleic acids from the bacterial, 
archaeal, and eukaryotic cells than viral nucleic acids, making it 
difficult to assemble and detecrarer viral genomes (Porazinska DL, 
et al. 2019). Therefore, to obtain these viral genomes, VLPs often 
need to be Separated and concentrated before sequencing. 
Depending on the kind of material, several techniques have been 
developed for VLP separation and concentration (Rohwer et al, 
2009). These techniques have been shown effective for seawater 
(Segall AM, et al. 2002), soil (Bolduc B, et al. 2019), fecal matter 
(Lukjancenko, et al. 2017), plant (Fernandez E, et al. 2018) and 
animal tissues (Rodriguez-Mueller B, et al. 2008). Centrifugation or 
size-dependent filtration are frequently used in these procedures. 
Samples are frequently filtered using a 0.45-μm filter or centrifuged 
first to eliminate eukaryotic cells and big particles, next a 0.2-μm 
filter to eliminate the majority of cells, and finally a cesium chloride 
(CsCl) density gradient or DNase/RNase, for the last stage of VLP 
purification utilizing sucrose density gradient centrifugation, or 
OptiPrepTM, to split nonencapsidated nucleic acid (Rohwer  et al,. 
2009). 
As an alternative, one VLP can be isolated (Hatzenpichler R. 2020) 
in order to do genome sequencing and amplification [viral single 



MICROBIAL BIOACTIVES                                         REVIEW 
 

https://doi.org/10.25163/microbbioacts.8110371                                                                 1–10 | MICROBIAL BIOACTIVES | Published online Feb 18, 2025 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cytometry, VLPs are sorted into droplets or agarose beads and then 
amplified genome (vSAG)] (Martínez JM. 2020). Using flow put to 
multiwell plates. The amplified DNA is extracted, usually using 
multiple displacement amplification and sequencing; RNA viruses 
can be studied using a transcriptomic method. Contig assembly and 
assignment are where vSAGs excel to the accurate viral genome, 
particularly when it comes to segmented, multicomponent, and 
satellite.  viruses, which are chimeras that can be challenging to 
differentiate bioinformatically from sequencing and assembling 
artifacts in the jumbled jigsaw of brief texts from the viral 
community (Woodcroft BJ, et al. 2018).While sequencing the 
nucleic acid from VLPs (as opposed to the entire sample) has the 
benefit of providing a more comprehensive coverage of viral 
genomes and identifying less prevalent viral genomes, it may not 
detect all viral genomes, including nonencapsidated viruses like 
proviruses and retroviruses that persist as replicons in their hosts or 
are integrated into the genomes of their hosts.Furthermore, when 
the sample is passed through a filter, any viruses that are in the 
process of infecting a host would be overlooked as the host they 
were filtered out of or adsorbed to would be removed. The whole 

sample's metagenomics or metatranscriptomics can assist in 
addressing these shortcomings, particularly is applied in 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
conjunction with the VLP sequencing.Which strategy is used 
depends mostly on address the query posed, namely if the variety 
and individuality of the whole viral community is relevant, or if only 
a particular selection of viruses or viral stages are crucial. 
 
4. Analyzing the Virome 
According to Wommack and Colwell (2000), an essential aspect of 
comprehending the intricate workings of our microbiological world 
is the examination of viruses, particularly the virome, which is a 
collection of genetic material. A multifaceted strategy is used in this 
investigation, which starts with the extraction and sequencing of 
viral genetic material from different environmental 
sources.Gathering viral genomic material is the initial stage in the 
virome analysis process (Breitbart, M., et al., 2002). This procedure 
is like to looking through a biological haystack for tiny needles. 
Viral particles are extracted and concentrated from environmental 
samples, including soil, water, and human samples. These 
specimens frequently include an abundance of various 
microorganisms, including viruses. Viral particles are separated 
from other biological components using filtration procedureThe 
genetic blueprints of several viruses may be found in the gathered 

 
Figure 1. The study of viruses within ecological frameworks via metagenomic approaches can provide unique insight into the ecology of 
viruses, specifically their diversity, distribution, and dynamics, as well as their interactions with their hosts, other viruses, and the abiotic and 
biotic environment. The interactions of viruses with their hosts are often studied within specific contexts ranging from health and disease to 
biogeochemical processes (examples are in the white layer). These can all take place in different types of ecosystems, including soil, Aquatic, 
and within plants or animals that create an ecosystem for their associated microbial communities. The pursuit of these ecological 
interactions across all ecosystems leads to advances in discovery and diagnosis Of viruses and understanding of their molecular mechanisms 
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material, providing a glimpse into the secret world of viral 
variety.High-throughput sequencing methods become prominent 
after viral genetic material is isolated and condensed (Mokili, J. L., 
et al., 2012). To interpret the genetic data contained in the virome, 
virologists employ metagenomic shotgun sequencing, a potent 
instrument in their toolbox. The genetic material is broken down 
into tiny bits at random and then sequenced in massively parallel 
reactions during this procedure. As a result, there is an abundance 
of raw sequencing data that offers a thorough overview of the viral 
genomic landscape that is present in the sample.It is astounding 
how much sequencing data is produced by virome research. 
Researchers use advanced bioinformatics methods to make sense of 
this abundance of data (Edwards, R. A., & Rohwer, F., 2005). When 
it comes to the assembly, annotation, and study of viral genomes, 
these technologies are invaluable.The unprocessed sequencing data 
resembles a million-piece jigsaw. By assembling these pieces, 
bioinformatics systems are able to reconstitute whole viral 
genomes. This method can identify new, undiscovered viral species 
in addition to revealing the genomic composition of existing 
viruses.Bioinformatics tools aid in the annotation of the 
constructed viral genomes (Zhang, T., et al., 2019). This entails 
locating certain genes, areas of the genetic code that regulate 
activities, and other components. Understanding the functional 
characteristics of viral genetic material requires 
annotation.Providing insight on the ecological roles that viruses 
play in their individual settings is the ultimate objective of virome 
analysis. Researchers may analyze the genetic makeup of viromes, 
compare them across samples, and determine how viruses interact 
with their hosts and affect ecosystems by using bioinformatics 
techniques (Hurwitz, B. L., et al., 2013). In summary, the study of 
the virome is a multifaceted endeavor that begins with the collection 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and sequencing of viral genetic material. High-throughput 
sequencing technologies provide the raw data, while bioinformatics 
tools serve as the key to unlocking the mysteries hidden within this 
genetic treasure trove. Through these tools, researchers can identify 
new viruses, study their genetic content, and gain valuable insights 
into the vital ecological roles that viruses play in the intricate web of 
life on our planet (Table 1).  
 
5. Impact on Microbial Communities 
Microbial communities are intricate and varied ecosystems that are 
essential to many different settings, such as soil, the ocean, and the 
human body (Falkow, 2012). Numerous ecological variables are 
responsible for the dramatic changes that these communities 
experience. In the context of microbial communities, viruses are 
frequently disregarded, however they function as inbuilt controllers 
of these populations. This review delves into the effects of viruses 
on microbial communities, emphasizing how viruses allow 
horizontal gene transfer and microbial population control, as well 
as their function in preserving ecological stability. 
Microbial Population Control by Viruses: It is well known that 
viruses may lyse and infect host cells, which controls microbial 
populations and inhibits their expansion (Suttle, 2007). This 
control, which is often called “viral predation,” aids in preserving 
the equilibrium of microbial populations in an environment. 
Viruses can affect the variety and composition of microbial 
communities by lowering the population of particular microbial 
species (Thingstad, 2000).According to research, viruses, or so-
called “bacteriophages,” are essential for maintaining bacterial 
balance in aquatic habitats. According to Suttle (2007), they are the 
most prevalent biological species in maritime habitats. These 
viruses can greatly affect bacterial variety and abundance by lysing 
and infecting their bacterial hosts. Viral lysis has an effect on 

Table 1. Viral Diversity and Abundance Across Ecosystems 
Ecosystem Estimated Viral 

Abundance 
Diversity Insights Ecological Impact on Microbial Communities 

Marine ~15,000 viral genotypes/mL 
seawater 

Extremely diverse viral 
populations 

Regulates bacterial populations, influences 
nutrient & carbon cycles 

Soil ~10 viral particles/gram soil Complex soil virome Modulates plant-microbe interactions, affects 
nutrient cycling 

Human 
Microbiome 

Billions of viral particles in 
gut alone 

Vast viral diversity across 
body sites 

Shapes microbiome dynamics, impacts host 
health & disease risk 

 
Table 2. Applications and Implications of Viral Metagenomics 

Application Area Key Insights Provided by Metagenomics Broader Implications 
Marine Ecology Reveals virome role in carbon and nutrient cycling Climate regulation, ocean health 
Soil and Agriculture Identifies viruses shaping soil microbial networks Sustainable farming, land management 
Human Microbiome & 
Health 

Maps virome–microbiome interactions in gut and 
beyond 

Disease prevention, therapeutic 
innovations 
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bacterial populations directly as well as indirectly via releasing 
nutrients and organic matter into the environment, which in turn 
affects the microbial food chain (Weinbauer, 2004). 
Horizontal Gene Transfer Facilitated by Viruses: Horizontal gene 
transfer (HGT) between host species is facilitated by viruses 
(Hambly et al., 2001). Viral infections have the ability to encapsulate 
and transmit host cell genetic material to a new host, which may 
result in the acquisition of novel features. Because it allows 
advantageous genetic material to spread quickly throughout 
microbial communities, this process has important consequences 
for microbial evolution and adaptation (Brüssow et al., 
2004).Virally mediated horizontal gene transfer is not exclusive to 
bacterial populations. Large DNA viruses can transfer genetic 
material between protists and algae in eukaryotic microbes as well 
(Cottrell, 2016). The evolution of these microbes may be influenced 
by this genetic information exchange, which might have an impact 
on their interactions and ecological functions in microbial 
communities. 
Role of the Virome in Maintaining Ecosystem Stability: Ecosystem 
stability is largely dependent on the virome, or aggregate viral 
population within an ecosystem (Breitbart, 2012). Through its 
ability to control microbial populations and promote gene transfer, 
the virome contributes to maintaining the stability and equilibrium 
of these ecosystems. Since imbalances can cause ecological 
disturbances, this stability is crucial to the ecosystem’s general 
health and sustainability (Suttle, 2007).The virome has an effect on 
the stability of ecosystems that goes beyond nearby microbial 
populations. Global biogeochemical cycles are also impacted. For 
example, marine viruses have a role in the release of carbon and 
other nutrients into the ocean as well as the cycling of organic waste. 
The management of the temperature and the availability of 
nutrients in aquatic environments are affected by this (Weinbauer, 
2004). 
Viruses play a crucial role in the dynamics of microbial 
communities by controlling population size and transferring genes 
horizontally (Thingstad, 2000). The complicated interaction 
between viruses and microorganisms is highlighted by the virome’s 
function in preserving the stability of ecosystems. Comprehending 
these relationships is crucial for regulating microbial populations to 
maintain the health of our planet and for understanding the wider 
ecological ramifications (Falkow, 2012).Furthermore, there are 
several ramifications for studying viruses and how they affect 
microbial populations. It is useful in environmental research, 
medicine, and biotechnology. Viruses can be used in 
biotechnological applications, including phage therapy 
development to manage harmful bacteria (Brüssow et al., 2004). 
Knowledge of viral interactions in the human microbiome can help 
clarify the mechanisms behind health and illness. 
 

6. Applications of Viral Metagenomics Within an Ecological 
Framework 
There is now more focus on the use of virulent phages for disease 
management due to the pathogens' consistent decrease in antibiotic 
sensitivity and the sharp reduction in the rate of new drug 
discoveries. In a commercial phage cocktail, viral metagenomic 
techniques have been utilized to identify the phages and screen for 
genes associated with possible virulence or antibiotic resistance 
focusing on Proteus/Escherichia coli infections (Berger B, et al. 
2013). In a different investigation, Fujimoto et al. (Sato S, et al. 
2020.) using viral metagenomics to identify relationships between 
intestinal phages and their hosts new antibacterial enzymes 
encoded in phages that selectively inhibit opportunistic infections, 
like since C. difficile. However, the diversity of phages found in 
nature has limited the replicability and reproducibility of research, 
which has hindered the creation of efficient phage cocktails (Gill J, 
et al. 2019). To create phage-based substitutes, a methodical and 
high-throughput search for efficient phage cocktails utilizing 
metagenomics to describe the variety and possible hosts of phages 
is necessary to the common usage of antibiotics (Gill J, et al. 2019). 
Taking into account that viral genomes encode a variety of proteins 
culture-independent viral metagenomic technologies with potential 
for medicinal and/or diagnostic applications (Mead et al, 2010) are 
prepared to investigate new viral genomes and find novel proteins 
produced from phages with potential use in applications in 
agriculture (Table 2). 
More thought needs to be given to the evolutionary dynamics and 
effects of phage resistance in the target bacteria, given the 
complexity of phage-bacterial interactions (Garcia P. 2018.). 
According to reports, alternate hosts in the nearby microbiota and 
spatial heterogeneity (Debarbieux L. 2017) can change the course of 
phage-host coevolution dynamics and have a big impact on how 
well phage therapy works. An additional area that requires further 
focus is the impact of phages on the microbiome's nontarget 
bystander microorganisms. There are differing opinions about the 
possible impact of phage predation on microbiota. For example, 
one study suggests that phage infection causes changes in the 
makeup of the mouse gut microbiota (Volant S, et al. 2016), whereas 
another group assertions that the effects of phages on the 
phylogenetic composition of the microbiota are minimal (622). 
Recent in vitro research shows clearly how phage infection of a 
clinically significant an opportunistic pathogen sets off an 
antimicrobial reaction, which in turn limits the growth bacterial 
species nearby that are resistant to phage infection (Duerkop BA. 
2021).When taken as a whole, these findings provide the way for 
addressing two important open problems in the field: (a) how a 
bacterial species’ competitive contacts for resources with other 
species are impacted by the evolution of phage resistance in that 
species having comparable or overlapping ecological needs, and (b) 
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whether alterations brought about by phages. The commensal 
bacterial and phage communities change as a result of host 
metabolism.Viral metagenomics can also be utilized to accomplish 
conservation biology objectives, such as protecting specific species 
of interest or predicting how climate change would affect soil 
carbon cycling, which will enhance future climate change 
projections. For instance, it has been discovered that RNA viruses 
are actively replicating in soil, lysing their hosts and releasing 
carbon to be absorbed by more living forms (Firestone MK. 2019). 
Additional time series for metagenomics and metatranscriptomics 
On soils, particularly studies conducted in conditions predicted for 
the future, are required to comprehend how future modifications to 
virally-mediated carbon cycling may affect how phages in the 
rhizosphere function modulate how plants react to those 
modifications (Salles JF. 2020). Climate and habitat changes could 
also have an impact on the chance of viral illness in wildlife groups 
that are highly vulnerable (Deem SL. 2018) or severely endangered 
economic significance in the management of ecosystems (Warg JV, 
et al. 2018). Viral pathogen sequence analyses from these groups 
can provide information on the origins of infection spillover 
(Pulliam JRC, et al. 2019). Studies on strategies that are both 
economical and efficient for integrating viral metagenomics in a 
surveillance program could assist in preserving threatened wildlife 
populations and incorporate this information into community 
ecology (Fenton A. 2015) to improve ecological management. 
 
7. Discussion  
The research identifies the power of viral metagenomics in 
unraveling the hidden diversity and ecological significance of viral 
communities across marine, soil, and human-associated 
ecosystems. The results confirmed that viruses are not only the 
most abundant biological entities on Earth but also play central 
roles in shaping microbial populations, nutrient cycling, and 
ecosystem stability. In marine environments, the detection of 
thousands of viral genotypes per milliliter of seawater underscores 
their influence on bacterial turnover, which has direct implications 
for global biogeochemical processes such as carbon sequestration 
(Suttle, 2017; Gregory et al., 2019). This finding is consistent with 
earlier reports demonstrating the importance of marine viruses in 
regulating oceanic food webs and energy transfer. 
Soil samples further confirmed the underappreciated role of viruses 
in terrestrial ecosystems. By influencing plant-microbe interactions 
and nutrient availability, soil viruses contribute to agricultural 
productivity and ecosystem resilience (Pratama & van Elsas, 2018; 
Starr et al., 2019). These insights have practical applications in 
sustainable land management, particularly in optimizing soil health 
and fertility. 
Within the human microbiome, the presence of billions of viral 
particles in the gut supports growing evidence that viruses are key 

modulators of host health. They shape microbial dynamics, 
influence immune responses, and may contribute to disease 
susceptibility or protection (Shkoporov & Hill, 2019; Sutton & Hill, 
2019). The identification of novel viral taxa in human-associated 
samples suggests that much of the virome remains unexplored, 
presenting opportunities for therapeutic and diagnostic 
innovations. 
 
8. Future Recommendation and Challenges  
A number of important suggestions that could influence the 
direction of future study in the field of viral metagenomics. 
Diversifying sampling efforts is one of the main recommendations. 
To gain a better understanding of the range and dispersion of 
viruses, research should include a wider variety of habitats, 
including harsh settings. According to Wommack et al. (2015), this 
expansion is crucial for both identifying new viral species and 
clarifying their ecological roles.One more crucial recommendation 
is to conduct longitudinal investigations. Long-term viral 
metagenomic studies could provide important new information 
about the temporal dynamics of viromes. According to Roux et al. 
(2016), it would make it possible for researchers to recognize 
emerging viruses, seasonal trends, and the ensuing impact on 
ecosystem stability. Furthermore, it is essential to integrate multi-
omics data. Researchers can obtain a comprehensive picture of 
virus-host interactions and ecosystem functioning by integrating 
viral metagenomics with metagenomic, metatranscriptomic, and 
metaproteomic datasets (Brum et al., 2015).It is imperative that 
sophisticated machine learning and artificial intelligence methods 
be used. Large-scale metagenomic datasets may be efficiently 
analyzed with the use of these methods, allowing for the prediction 
of viral-host interactions and a thorough understanding of the 
virome's effects on microbial communities (Ren et al., 2020). 
Finally, researchers should invest in experimental techniques such 
as viral tagging and single-virus genomics to decipher the 
functional roles of viruses in ecosystems more comprehensively 
(Gregory et al., 2019). 
Alongside these suggestions, the field of viral metagenomics faces a 
number of issues that demand consideration. According to Paez-
Espino et al. (2016), sampling bias is still a problem and many 
ecosystems are still not well explored, which leaves us with an 
inadequate understanding of viromes.It is impossible to overstate 
the bioinformatics difficulties brought forth by the massive volume 
of metagenomic data. To properly manage and analyze huge 
datasets, powerful bioinformatics tools that are easy to use must be 
developed (Rampelli et al., 2016). A sizable fraction of viral 
sequences are uncharacterized; these are sometimes called "viral 
dark matter." This is a significant problem that requires these 
unidentified viruses to be identified and classified (Roux et al., 
2019).The majority of viruses are not cultivable, which makes it 
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difficult to employ conventional characterisation techniques (Paez-
Espino et al., 2016). To validate metagenomic discoveries, new 
culture techniques must be developed.Precisely forecasting the 
influence of viral-host interactions on microbial communities is 
difficult due to their intricacy and strong context-dependence 
(Hurwitz et al., 2013).Lastly, researchers should be mindful of the 
potential environmental impact of viral metagenomics research, 
including the consequences of fieldwork and sampling activities 
(Paez-Espino et al., 2016). 
 
9. Conclusion  
Viral metagenomics has emerged as a transformative tool for 
uncovering the hidden diversity and ecological functions of viruses 
across diverse ecosystems. By revealing their roles in regulating 
microbial communities, nutrient cycling, and host-associated 
microbiomes, this approach highlights viruses as central players in 
environmental and human health. The findings underscore the 
interconnectedness of viromes with global biogeochemical 
processes, agricultural sustainability, and disease dynamics. Despite 
current challenges in host identification and functional 
characterization, integrating metagenomics with advanced 
approaches offers promising directions. Ultimately, understanding 
viromes deepens ecological knowledge and opens new pathways for 
therapeutic, environmental, and biotechnological innovations. 
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