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Abstract Marine viruses play a critical role in shaping marine ecosystems, influencing microbial diversity, biogeochemical cycles,
and global climate. However, their immense diversity and complex interactions with hosts pose significant challenges to traditional
research methods. This study focuses on recent advancements in metagenomic and metatranscriptomic techniques, highlighting their
principles and workflows, as well as their applications in identifying novel viral species, active viral populations, and host-virus
interactions. Through case studies, the practical applications of these techniques are demonstrated. The study underscores the
importance of metagenomic and metatranscriptomic technologies in advancing marine virology research and envisions future
directions for exploring marine viral ecosystems. It provides a scientific basis for developing strategies to address climate change and
protect marine ecosystems.
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1 Introduction
The matter of Marine viruses is quite interesting. We know that these little things in the sea have a significant
impact on the ecosystem (Brum and Sullivan, 2015). They not only can control the number of microorganisms,
but also help nutrients circulate around, keeping the entire system balanced. However, to clarify this matter, we
first need to talk about the progress in research methods. In recent years, omics technology has been of great help,
allowing us to understand the relationship between bacteria, archaea and their viruses (Coutinho et al., 2018;
Wang, 2024.

But here comes the problem. Traditional methods such as cell culture and immunoassay are particularly laborious
to use (Munang'andu et al., 2017). For instance, when it comes to new viruses or those that cannot be sustained,
these methods are at a loss. What's more troublesome is that the genetic differences within the viral population are
particularly large. Piecing together the genome using short-read sequencing is like playing a jigsaw puzzle
(Warwick-Dugdale et al., 2019). Also, the research on archaeal viruses lags far behind that on bacterial viruses,
mainly because there are simply too few samples (Zhou et al., 2022).

This time, we mainly want to see what breakthroughs these new technologies such as metagenomics and
metatranscriptomics can bring. In simple terms, these methods can not only help us identify viruses, but also
figure out how viruses interact with their hosts, and even discover new functions of viruses. To put it bluntly, it's
about using new methods to solve old problems and taking the research on Marine viruses a step forward.

2 Metagenomics in Marine Virus Research
2.1 How metagenomics works for viruses
Instead of growing viruses in the lab (which often fails), scientists now directly study genetic material from
seawater samples. Here's how it usually goes: First, they collect water samples, then pull out all the DNA/RNA.
Machines like NGS sequencers read these genetic codes super fast, producing tons of data. Later, computer
programs piece together these fragments like a puzzle, helping spot virus genes and see how diverse they are
(Osunmakinde et al., 2018). Fun fact - this method catches viruses that old-school culturing would totally miss.
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2.2 Better tech, better results
The tools keep improving - take PacBio and Nanopore sequencers. Unlike older methods, these can read much
longer DNA strands, which really helps when dealing with tricky viruses that have complex or varied genes
(Warwick-Dugdale et al., 2019). Some labs now mix both short and long-read tech for best results. Of course, all
this data needs special software like metaSPAdes to make sense of it. These programs sort through the genetic
"noise" to find viral needles in the haystack (Roux et al., 2017).

2.3 Finding hidden viral worlds
Here's the cool part: metagenomics keeps uncovering viruses we never knew existed. From ones infecting seafloor
microbes to shellfish pathogens (Zhou et al., 2022), the ocean's full of surprises. Sometimes these viruses have
unique DNA "islands" that show how they adapt to specific hosts. Researchers even find useful genes, like those
coding for virus-killing enzymes. It's not just about counting species - this work shows how viruses secretly shape
ocean life.

3 Metatranscriptomic Technology in Marine Virus Research
3.1 Basic principles and operating procedures of metatranscriptomes
In simple terms, metatranscriptomics involve extracting RNA from environmental samples such as seawater and
analyzing it through sequencing to observe the genes that microorganisms (including viruses) are actively
expressing. In actual operation, scientists will first collect seawater samples to extract RNA. However, there is a
problem here - most of the sample is ribosomal RNA (rRNA), so special methods (such as grabbing RNA with
polyA tails or removing rRNA) are needed to enrich the viral transcript. This step will directly affect the final
analysis result (Gann et al., 2021). The processed RNA will be reverse transcribed into cDNA, and the sequence
will be read by a high-throughput sequencer. Finally, the viral genes will be identified through bioinformatics
tools to see which viruses are actively infecting the host.

3.2 New discoveries in viral gene expression and host interaction
This technology has enabled us to observe many interesting phenomena. For instance, during algal blooms, giant
viruses like the Bacteroideviridae (AaV) become particularly active. They not only infect algae but also seek out
other hosts (Moniruzzaman et al., 2016; 2017). Interestingly, some viruses carry genes that break down host cells,
directly interfering with the host's metabolism - which may change the way the entire ecosystem operates
(Voorhies et al., 2016). Through metatranscriptomics, we have not only discovered known virus-host
combinations but also found many pairs that have never been seen before, indicating that the actual situation is
much more complex than what is observed in the laboratory.

3.3 Application in the dynamic research of marine viruses
Macrotranscriptomics are particularly effective for tracking viruses. For instance, in the research conducted in
Narragansett Bay, it was found that the infection patterns of giant viruses are completely different: some break out
suddenly and then disappear rapidly, while others maintain a long-term stable infection state (Labonte et al., 2015;
Terron-Camero et al., 2022). This method can not only catch the viruses that are committing crimes, but also
follow the clues to find their new hosts. Moreover, by observing how viral infections alter the composition of
microbial communities, we have begun to understand the role viruses play in material circulation and ecosystem
balance - they are not merely destroyers, but more like invisible regulators in the ocean.

4 Combine the Study of Metagenomics and Metatranutomics
4.1 How to have a more comprehensive understanding of the marine virome
4.1.1 Simultaneously detect DNA and RNA in environmental samples
Nowadays, scientists often use metagenomic and metatranutomic technologies together, so that both DNA and
RNA can be measured from the same environmental sample. Interestingly, although DNA data can tell us what
genetic potential viruses have, it is RNA data that truly reveals which viruses are "working". For instance, a study
last year found that during the season when algae multiply in large numbers, the number of RNA viruses
(including single-stranded and double-stranded ones) that infect single-celled eukaryotes might be even greater
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than that of bacteriophages (Figure 1). However, it should be noted that the results obtained at different sampling
times may vary significantly.

Figure 1 Most commonly used meta-omic sequencing approaches in marine virology (Adopted from Kolundzija et al., 2022)

4.1.2 Identify active and dormant viruses
Another advantage of using these two technologies in combination is that they can distinguish active viruses from
dormant ones. In simple terms, metagenomics is like taking a photo, recording all viruses. Metatranscriptomes, on
the other hand, are more like videos, specifically designed to capture active viruses. Studies have found that the
number of RNA viruses changes particularly rapidly, sometimes being different within just a few hours. This
indicates that their impact on Marine microorganisms is more flexible than we imagined. Of course, it is not easy
to accurately distinguish between these two types of viruses in actual operation.

4.1.3 What troubles may be encountered in data integration
Although this method works well, it is indeed quite a headache to integrate the data obtained from the two
techniques. First of all, handling massive amounts of data requires particularly professional analysis software.
Secondly, the sequencing methods used by different laboratories may vary - for instance, the two commonly used
techniques, MDA and MTT, each have their own preferences, which can lead to deviations when counting the
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types and quantities of viruses. Recently, a team has attempted to use mixed long and short read sequencing, and
the results seem to be quite good. However, the standardized operation process still needs to be further improved.

4.2 Match the viral genes with their functions
4.2.1 How are gene sequences and expression data matched
The key is to match the viral gene sequences measured by metagenomics with the gene expression data detected
by metatranscriptomics. Doing so not only enables us to know which viral genes are actively expressed, but also
to discover how they interact with the host. For instance, some current research has begun to incorporate long and
short read sequencing, which not only enables the acquisition of a more complete viral genome but also helps to
more accurately identify the correspondence between the virus and its host.

4.2.2 Discover the key genes for the interaction between the virus and the host
Through this integrated analysis, scientists have identified many functional genes involved in virus-host
interaction. Some of these genes are responsible for viral replication, some manipulate host cells, and others may
affect the entire ecological environment. For instance, some viral genes have been found in biofilms, which might
be related to polysaccharide metabolism and could potentially affect the formation of biofilms. In addition, there
are some discoveries like the endolysin gene, which might be applied in biotechnology in the future.

4.3 Clarify the role of marine viruses in the ecosystem
The greatest value of the combination of these two technologies might lie in helping us understand exactly what
role Marine viruses play in the ecological environment. Because they can not only tell us how many types of
viruses there are, but also show which viruses are at work. It has now been discovered that viruses can affect
nutrient cycling, changes in microbial communities, and even the global carbon cycle - for instance, those special
viral communities found in archaea may have a significant impact on the Marine environment. However, to clarify
exactly how they work, more research is needed.

5 Tech Breakthroughs and New Research Methods
5.1 High-throughput sequencing gets an upgrade
Studying marine viruses used to be tricky because we had to grow them in labs first. But now, tools like Next
Generation Sequencing (NGS) changed the game—they can read DNA/RNA super fast without needing to culture
viruses (Aerle and Santos, 2017). Sure, older short-read methods missed some details, but newer stuff like
MinION’s long-read tech catches tiny genetic differences in viruses, even spotting special gene clusters that define
their habitats. This means we’re finally piecing together fuller pictures of how diverse these viruses really are
(Eren et al., 2015; Kumar et al., 2017).

5.2 Zooming in on single viruses
Here’s the thing: bulk sequencing can’t show what individual viruses are up to. That’s where single-virus
genomics/transcriptomics steps in—it’s like giving each virus a microscope session. Fosmid-based tricks and
other tools help, sure, but they’re pricey and finicky. Still, when combined with high-throughput sequencing,
they’ve uncovered how specific viruses evolve and mess with their hosts. Not perfect, but way better for studying
common virus types (Cammen et al., 2016; Warwick-Dugdale et al., 2019).

5.3 WhenAI meets virus hunting
Funny enough, traditional methods often miss weird or short viral sequences in metagenomic data. That’s why
tools like DeepVirFinder are a big deal—they use AI to spot viruses way more accurately, even unknown ones.
Unlike old-school approaches that rely on reference databases, these machine learning tricks find patterns we’d
overlook. They’re not just labeling viruses; they’re helping untangle how these tiny players interact in ocean
ecosystems (Ren et al., 2020; Jiang and Wang, 2024).

6 Case Studies
6.1 Metagenomic analysis of viral diversity in the Tara oceans dataset
Scientists have obtained a large amount of Marine data through the Tara Oceans expedition, which is particularly
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useful for studying the diversity of Marine viruses. They discovered many virus sequences that had never been
seen before using metagenomic technology. For instance, using PacBio CCS, a high-precision long-read
sequencing technology, more than 30,000 unique viral sequences were identified from complex seawater samples,
which have never appeared in other databases (Zaragoza-Solas et al., 2022). In addition, when analyzing the Tara
Oceans data, many different viral genomes were discovered, including those that infect Marine archaea. This
indicates that these viruses are widely distributed in the global oceans and have a significant impact on the
ecosystem (Tominaga et al., 2020).

6.2 Metatranomic study on the interaction between algae and viruses during Phytoplankton blooms
Nowadays, metatranscriptomics has become an important method for studying the interaction between viruses and
algal hosts. For instance, in the study of algal blooms by Aureococcus anophagefferens, scientists discovered that
giant viruses (such as NCLDVs) and RNA viruses were highly active during algal blooms. Through time series
analysis, they observed that viruses of the Mimiviridae family (such as AaV) were particularly active during the
peak and decline periods of algal blooms. After these viruses infect host cells, they cause cell lysis, alter gene
expression, directly reduce the number of algae, and accelerate the end of algal blooms (Figure 2) (Moniruzzaman
et al., 2016; 2017). Interestingly, the activity levels of different viruses vary at different stages of algal blooms,
which indicates that viruses have a significant impact on the changes in algal populations. This method can not
only detect active viral infections but also help determine the correspondence between viruses and hosts, allowing
us to have a clearer understanding of the role of viruses in Marine ecosystems.

Figure 2 Phylogenetic reconstruction of NCLDV major capsid protein sequences (Adopted from Moniruzzaman et al., 2017)
Image caption: Phylogenetic placement of MCP contigs from (a) Quantuck Bay and (b) Narragansett Bay on a reference tree of
NCLDVs with icosahedral capsids (Adopted from Moniruzzaman et al., 2017)

6.3 New bacteriophage-host dynamics discovered in the Arctic Ocean
The environment of the Arctic Ocean is very special, and the way phages interact with their hosts here is also very
unique. Recent studies, through metagenomic analysis, have discovered some new phage-host relationships,
especially those involving Marine archaea and bacteria. For instance, scientists have identified viruses within
individual bacterial and archaeal cells using single-cell genomics techniques and found that some viruses may
exist in a lysogenic state (Labonte et al., 2015; Alexander et al., 2021). Some studies have also used computers to
predict the interaction between bacteriophages and hosts, helping us understand the role of these viruses in the
Arctic Ocean ecosystem (Edwards et al., 2015). These findings indicate that metagenomic and metatranutomic
technologies are particularly useful for studying viral diversity in extreme environments.

7 Concluding Remarks
Recently, there have been significant breakthroughs in the methods for studying Marine viruses, especially in
metagenomic and metatranscriptomic technologies. Scientists can now analyze viral communities more accurately
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and discover their roles in microbial death, gene transfer and biogeochemical cycles. For instance, by using
long-read sequencing technology (like VirION's method), it is possible to better piece together a complete viral
genome, even capturing those viral populations with large numbers but small differences, and identifying their
unique gene fragments. Interestingly, during phytoplankton outbreaks, the number of RNA viruses sometimes
exceeds that of bacteriophages, and they change particularly rapidly, being different within just a few hours. In
addition, incorporating viral metagenomic data into ecological models has also helped us clarify the diversity and
distribution patterns of viruses, as well as how they interact with their hosts and the environment.

These technologies are now key tools for studying Marine viruses. Viruses that were previously undetectable in
ordinary seawater samples, such as those related to biofilms and archaea, have now all been discovered. They also
helped us identify some new genes. For instance, viruses can carry metabolic genes to alter the activities of
microorganisms. Through these technologies, scientists have observed the complex interaction between viruses
and their hosts and have also clarified their impact on the global elemental cycle. Even more impressive is that
now, with the existing RNA sequencing data, a nearly complete viral genome can be pieced together. This is
helpful for understanding the relationship between viruses and their hosts, and even for controlling viral diseases
in aquaculture.

In the future, research on Marine viruses will definitely still rely on the continuous development of these
technologies. As sequencing becomes increasingly cheaper and more convenient, we can analyze viral
communities in more detail and discover more new viruses and their functions. If the ecological model can be
built more perfectly, it will be clearer how viruses and hosts interact with each other and the effect of virus
activities on the entire ecosystem. Moreover, if these technologies are applied to less studied areas, such as the
deep sea and the polar regions, more diversity of viruses will surely be discovered. However, new bioinformatics
tools also need to be developed; otherwise, so much data simply cannot be analyzed. In conclusion, only by
understanding all these can we better understand how important Marine viruses are to the global ecosystem.
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