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The variety of Earth’s organisms is manifold. However, it is the small-scale marine
community that makes the world goes round. Microbial organisms of pro- and
eukaryotic origin drive the carbon supply and nutrient cycling, thus are mediating
the primary productivity within the world largest ecosystem called ocean. But due
to the ocean’s great size and large number of biogeographically habitats, the total
of microbial species can hardly be grabbed and therefore their functional roles not
fully described. However, recent advances in high-throughput sequencing technologies
are revolutionizing our understanding of the marine microbial diversity, ecology and
evolution. Nowadays, research questions on species differentiation can be solved with
genomic approaches such as metabarcoding, while transcriptomics offers the possibility
to assign gene functions even to a single cell, e.g., single-cell transcriptomics. On the
other hand, due to the diversified amount of sequencing data, the certainty of a data
crisis is currently evolving. Scientists are forced to broaden their view on bioinformatics
resources for analysis and data storage in from of, e.g., cloud services, to ensure the
data’s exchangeability. Which is why time resources are now shifting toward solving data
problems rather than answering the eco-evolutionary questions stated in the first place.
This review is intended to provide exchange on ∗omics approaches and key points for
discussions on data handling used to decipher the relevant diversity and functions of
microbial organisms in the marine ecosystem.

Keywords: microbial organisms, molecular ecology, high-throughput sequencing, diversity estimates, functional
traits, data science

INTRODUCTION

The ocean is essential to all aspects of well-being and livelihood on earth as it thrives fundamental
processes like global climate regulation, carbon and nutrient cycles (Salazar and Sunagawa, 2017;
IPCC, 2019). In addition, it is home to the largest continuous ecosystem, rich in marine biodiversity,
ranging from unicellular organisms to marine mammals that rely on the ocean for their existence
(Costello and Chaudhary, 2017; IPCC, 2019).
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Understanding how marine microbes of pro- and eukaryotic
origin1 function and relate to one another within this
ecosystem has been a primary goal of taxonomists, ecologists,
and evolutionary biologists alike for centuries (Bungartz
et al., 2012). In addition to established methods, such as
microscopy and Sanger sequencing (Hoffecker et al., 2019), next-
generations of sequencing technologies with high-throughput
have become an almost everyday research tool for revealing
the intracellular-flow of genetic information ranging from
single-cells to whole communities (Chui et al., 2020). These
sequencing results improve the overall ability to understand
biological processes across above mentioned disciplines and
answer fundamental questions about microbial diversity and
activity; hereby ranging from microbiome studies (Sunagawa
et al., 2015), biomonitoring surveys (Pawlowski et al., 2016)
to concepts of species and evolution (Strassert et al., 2018;
Keeling, 2019). But regardless of the increasing availability
of sequencing data, deciphering the code of life and its
range of capabilities remains a challenge (Giani et al., 2020;
Kapli et al., 2020).

This review is divided into three distinct, yet interrelated
parts, and is intended for an audience with a background
in ecology but moderate knowledge of ∗omics sequencing
approaches:

(i) On Resilient Marine Ecosystems and Species Diversity,
hence a brief overview of important factors/processes that
influence the marine microbial community and explain its
high complexity;

(ii) On Sequencer Platforms, Experimental Design and Data
Integration, hence about the sequencing technology, the
experimental approaches to study microbial communities,
from sampling to data analysis, and their possible
limitations, with the aim of raising their awareness in
advance;

(iii) Sequencing Analysis on a Broader View, hence about
the diversity of current ∗omics approaches and their
applications and biases for the study of the microbial
community, explaining the prevailing methods in detail
and context, with the goal of facilitating room for
discussion in which the best method for experiments
and/or studies can be worked out individually.

The review’s aim is to present the prevailing ∗omics
approaches to characterize the wide range of microbial
biodiversity in our oceans. The information given here should
lower the hurdle for many scientists in the field who lack
practical expertise, however wish to apply such methods to
their research by considering details from sampling itself to
downstream analysis.

1Marine viruses play an important role in the cycling of matter through cell lysis
and the associated release of nutrients (Jover et al., 2014). Likewise are archaea
critical contributors to the global carbon and nitrogen redox cycles (Parada and
Fuhrman, 2017). Despite the stated importance of both microbial groups, this
review focuses on microbial prokaryotes and eukaryotes in general, to keep certain
aspects shorter and therefore more beneficial for the reader.

ON RESILIENT MARINE ECOSYSTEMS
AND SPECIES DIVERSITY

Unicellular microbial species of pro- and eukaryotic origin have
been populating the ocean for already more than 3–1.5 billion
years, respectively (French et al., 2015; Salazar and Sunagawa,
2017). And are likewise responsible for several key services such
as climate regulation, carbon and nitrogen fixation as well as
remineralization of organic matter within aquatic ecosystems,
while also forming the base of the marine food web (Fenchel,
1988; Cavicchioli et al., 2019; IPCC, 2019). A census calculated
a global biomass of ∼550 gigatons of carbon (Gt C) distributed
among all kingdoms of life in terrestrial, marine and deep
subsurface environments (Bar-On et al., 2018). Of these, ∼6 Gt
C are allocated to marine environments dominated by microbial
eukaryotic protists, and∼70 Gt C are assigned to deep subsurface
environments, such as the ocean crust and aquifers, dominated by
prokaryotes (Bar-On et al., 2018). Thus, although these microbial
communities are only present a minor fraction of the global
biomass (∼13%), their relatively high turnover rates make them
greatly efficient (Sheldon et al., 1972), herein providing 45–
80% of the oxygen for Earth’s atmosphere (Field et al., 1998;
NOAA, 2021).

Despite the harsh conditions in different aquatic habitats,
such as changes in temperature, pressure and depth, microbial
pro- and eukaryotic organisms managed to adapt to these
conditions in many interesting and effective ways (Sundstrom
and Allen, 2019). In certain habitats, as depending on regional
properties like climatic or biogeographic conditions, whole
communities can undergo seasonal changes as well (Bang et al.,
2018; Ardyna and Arrigo, 2020). In general, while regions near
the equator show relatively small transitions in temperature
during the year, polar regions are driven by higher temperature
fluctuations and severe differences in sunlight intensity and
duration (Slagstad et al., 2011; Ardyna and Arrigo, 2020)—thus
pressuring the communities compositions and/or single species
resilience. Global abiotic changes force marine microorganisms
into a continuous adaptation process characterized by short
individual turnover rates (Sheldon et al., 1972), dynamic
community movement and relatively large population sizes
(Lewis et al., 2017; Nifong and Silliman, 2017). This means
that distribution patterns of these unicellular species in the
environment are indirectly and directly influenced by non-
living factors, like nutrient concentration, solar radiation and
temperature (de Vargas et al., 2015)—however, the underlying
mechanistic processes leading to shifts remain unexplained.
Conversely, the effects of biotic interactions on ecosystems,
which were caused by pronounced regional changes in microbial
communities due to changing habitat conditions in the first
place, remain yet unpredictable. Ultimately forcing microbial
species to perform differently, thus leading to a potential
fundamental change in ecosystem function. Therefore, despite
being small, the microbial impact on the environment is
potentially mighty and driven by multiple stressors in a non-
linear way (Pagaling et al., 2014).
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Entire microbial communities or subpopulations within
communities may respond to these environmental stressors
by e.g., shifting their migration toward their respective
environmental gradient needed for life.2 For instance, move
poleward as predicted by models (Follows et al., 2007; Barton
et al., 2010; Thomas M. K. et al., 2012) and confirmed by a
global analysis of abundance trends ranging from plankton
to marine mammals (Hastings et al., 2020) and genomic
signatures among uncultured marine bacteria (Swan et al., 2013).
But as the environmental factors range in transitions, whole
communities and/or subpopulations can show a wide range
of adaptive transformations to different conditions (Hagstrom
and Levin, 2017), even leading to permanent alterations of their
morphological and/or genetic diversity (Bang et al., 2018).

Most common measurements already couple the description
on what kind of species are present with assessments on their
morphological or genetic virtues; hence providing insights to
the species functional capacity, thus establishing a mechanistic
link between abundance, trait and function (Pinsky et al.,
2020). However, the distribution and functional patterns are not
permanent for every species and will change in response to the
availability of resources and habitats. In addition, interpretations
on the species compositions will depend upon the scale at which
they are viewed (Zari, 2014). Nevertheless, species groups that are
highly diverse and present a varied set of ecological adaptations
along an environmental gradient (Edwards et al., 2016) may
be of importance for understanding ecological niche differences
and future reactions of the community toward climatic changes
(Swenson, 2011).

ON SEQUENCER PLATFORMS,
EXPERIMENTAL DESIGN, AND DATA
INTEGRATION

On the Evolution of Sequencing
Platforms
The evolution of sequencing platforms, specific technologies,
and even terminologies was driven by the need for rapid
yet inexpensive and accurate sequencers (Heather and Chain,
2016). This resulted in so-called “generations” of platforms and
the active usage of the suffix ∗omics to distinguish research
approaches since its first introduction in the late 1960s (Kuska,
1998). Apart from different applied sequencing technologies
per se, the generations can be characterized by their ability of
sequencing short-reads or long-reads (van Dijk et al., 2018;
Segerman, 2020).

2L.G.M.B. Becking’s paradigm that all microbial life is globally distributed, but that
most microbial species are only latently present in a given environment, is one
of the most important ecological concepts (Becking, 1934; O’Malley, 2007). It also
states that most small-scale microbial biodiversity escapes our observation because
most species occur at densities below our detection limit (de Wit and Bouvier,
2006; O’Malley, 2007). Overall, this paradigm opens the door to a full discussion
of species distribution and abundance (Falkowski et al., 2008), whether molecular
methods have the potential to accurately reflect them and how functional genes
have adapted alike (Fondi et al., 2016)—however, this will not be addressed further
in this review. But the reader is encouraged to engage with the literature cited.

• Short-read sequencing technologies (commonly read
lengths of ∼50–1,000 base pairs) are comparably less
expensive and enable population-scale analyses of single
nucleotides and other small variants, but the analysis
of larger structural variations remains difficult (Kulski,
2016; Segerman, 2020). In particular, de novo assemblies
consisting only of short-reads may be missing entire
portions of a genome or transcriptome, hence be missing
important genes.
• Long-read sequencing technologies, with common read

lengths greater than 1,000 base pairs up to tens of thousands
of base pairs, are in contrast therefore well-suited for
e.g., de novo genome assemblies and full-length isoform
sequencing (Goodwin et al., 2016; Kulski, 2016; van Dijk
et al., 2018).

The predominant technical platforms of each generation shall
be listed and their main technical advantages and disadvantages
briefly highlighted below (Figure 1).

(A) First-generation sequencing (also addressed as Sanger
sequencing)

The first-generation sequencing technology is based on the
chain termination method developed by Sanger and Coulson in
1975 and was used to sequence the first deoxyribonucleic acid
(DNA) genome of the bacteriophage φX174 with a total length of
5,375 bases in 1977 (Sanger et al., 1977; Heather and Chain, 2016).
After years of improvements of Sanger’s dideoxy sequencing
method, Applied Biosystems (today a brand of Thermo Fisher
Scientific) launched the first automated sequencer (AB370) in
1987, which uses capillary electrophoresis for sequencing to this
day (Kulski, 2016; Gupta and Gupta, 2020). Sanger sequencing
has a read length of up to 1,000 base pairs with 99.999% accuracy
(Kulski, 2016). However, the high costs and low throughput
have serious impacts on large-scale applications (Heather and
Chain, 2016)—nevertheless, it continues to be used in small-scale
experimental approaches with focus single gene sequencing.

(B) Second-generation sequencing (also addressed as next-
generation sequencing)

Second-generation sequencing, also called next-generation
sequencing (NGS), is characterized by a high-throughput of
sequence reads in less time, easier library preparation and at
lower costs than Sanger sequencing (Reuter et al., 2015). The
parallelization of sequencing reactions was achieved through the
reduction/change of sequencing reactions, the development of
microfluidics and improved detection systems (Kulski, 2016).
However, depending on the research question, the relatively
short-read lengths may be a major limitation of these platforms.
As e.g., genomes often contain numerous repeated sequences
that are longer than the usual NGS reads generated (∼150–
300 base pairs) the read assembly may lead to gaps in the
overall genome (re-) construction with an increased number
of contigs due to fragmentation (Goodwin et al., 2016;
van Dijk et al., 2018).

The Roche 454 sequencing platform was the first
commercially successful second-generation sequencing system.
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FIGURE 1 | Main representatives of the different generations of sequencing platforms with their main advantages and disadvantages.

The system was developed by 454 Life Sciences in 2005 and
acquired by Roche in 2007 (Heather and Chain, 2016). However,
in 2013, Roche announced that it would no longer supply or
service the sequencing equipment and pyrosequencing reagents
after 2016 (Hollmer, 2013). The sequencing itself was performed
by pyrosequencing-by-synthesis and used clonal DNA libraries
bound to beads washed over a picotiter reaction plate, which
ideally fit only one bead per well-coated with only one clonal
DNA molecule per bead (Goodwin et al., 2016). The actual
pyrosequencing occurred in each of these wells, with light
generated by an enzyme reaction following the incorporation
of a matching nucleotide by DNA polymerases (Liu et al.,
2012). The number of light signals generated was proportional
to the number of nucleotides incorporated, and the sequence
detected by a sensor under the reaction well (Goodwin et al.,
2016; Heather and Chain, 2016). With this setup, read lengths
of approximately 400–500 base pairs could be achieved (Kulski,
2016). Because each sequencing reaction was performed in an
independent well of a picotiter plate, mutual interference and
bias in sequencing were greatly reduced (Biogene Blog, 2017).
Nevertheless, the Roche 454 was found to have a high error
rate in homopolymer regions of consecutive identical bases,
introducing insertions and deletions into the generated read and
reducing its accuracy (Biogene Blog, 2017). The device has now
effectively disappeared and is no longer in use.

Supported Oligonucleotide Ligation and Detection
(SOLiD) is a next-generation sequencer instrument marketed
by Life Technologies that had been purchased by Applied
Biosciences in 2006 and commercially released in 2008 (Liu
et al., 2012). It is based on 2-nucleotide sequencing-by-ligation
reaction, by sequential annealing of probes to the template and
their subsequent ligation. The advantage of this method is its
high accuracy by interrogating each base twice (Gupta and
Gupta, 2020). The major disadvantages are the short read lengths
(∼50–75 base pairs of ∼99.94% accuracy) (Wong et al., 2019),
the very long run times of 7–14 days and the additional need for
extra computationally steps for raw data conversion (Liu et al.,
2012; Kulski, 2016).

Ion Torrent technology was developed by the inventors
of the Roche 454 sequencing platform and introduced two
changes that distinguish this technology from others (Kulski,
2016). First, nucleotide sequences are detected electronically by
changes in the pH of the surrounding solution proportional to
the number of nucleotides incorporated (Reuter et al., 2015).
The usual generation of light signals and their detection with
optical components does not appear in this method. Second, the
sequencing reaction is performed in a microchip connected to
flow cells and electronic sensors at the bottom of each cell. Which
means, that detected nucleotides are continuously converted
into an electronic signal that is detected by the electronic
sensors (Reuter et al., 2015; Heather and Chain, 2016). The
major disadvantages of the system are problems with reading
homopolymer sections and repeats (Segerman, 2020). In contrast,
read lengths are relatively great (∼200–600 base pairs) and
even used to complement sequencing data from other platforms
(Kchouk et al., 2017) to this day.

Illumina Inc. acquired the Solexa Genome Analyzer in 2006
and launched it in 2007 (Kulski, 2016). Today, it is Illumina
providing the most successful sequencing system, especially
with the HiSeq and MiSeq platforms, with a claimed market
dominance (Goodwin et al., 2016; Kulski, 2016). The Illumina
sequencer employs the sequencing-by-synthesis technology using
detachable fluorescently labeled chain-end nucleotides, which
allow for greater output at lower reagent costs (Heather and
Chain, 2016; Kchouk et al., 2017). The clonally enriched DNA
template for sequencing is generated by PCR bridge amplification
that generate clusters of molecules bound on a flow cell (Goodwin
et al., 2016). The output of sequencing data per run is higher, costs
are lower, and run times are moderately faster than most other
systems (up to 3 days), but in contrast read lengths being shorter
(up to 300 base pairs) (Gupta and Gupta, 2020).

(C) Third-generation sequencing (also addressed as long-
read sequencing)

Pacific Biosciences (PacBio) currently markets the PacBio
RS II sequencer and its single-molecule real-time sequencing
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(SMRT) technology since its introduction in 2010 (Lee et al.,
2016). SMRT sequencing is performed in cells containing a
large number of ultra-microwells in which a single molecule
of DNA polymerase is immobilized at the bottom of each well
(Goodwin et al., 2016). For sequencing, the single-stranded DNA
template will be linked to the immobilized DNA polymerase,
whereupon fluorescently labeled nucleotides are incorporated
into the growing strand within the well (Goodwin et al., 2016;
Heather and Chain, 2016). Cameras continuously monitor the
wells as a series of observed pulses that are converted into
single molecular tracks representing the template sequences
(Gupta and Gupta, 2020). Because all four nucleotides are
added simultaneously and measured in real time, the speed of
sequencing is much faster compared to technologies in which
individual nucleotides are flushed in sequentially one after
another (Heather and Chain, 2016; Wong et al., 2019). And
after technical improvements, the PacBio sequencer surpassed its
initial read lengths of about 900 base pairs at 99.3% accuracy rate
and enabled longer read lengths up to thousands of base pairs
with improved accuracy to >99.999% (Travers et al., 2010; Koren
et al., 2013). Nevertheless, some of the ultra-microcells fail to
link a DNA template, resulting in a decrease in the number of
sequencing reads (Goodwin et al., 2016).

Oxford Nanopore Technologies offer the latest systems for
single-molecule sequencing since their release in 2014 (Reuter
et al., 2015). The MinION is hereby a portable handheld
molecular sequencing instrument that connects directly to a
laptop/computer via a USB port, while PromethION being a
small benchtop instrument (Kulski, 2016). Nanopore sequencing
is based on the idea that the conductivity of ion currents in the
pore changes as the template strand passes through it (Goodwin
et al., 2016). In other words, since nucleotides have different
shapes, each nucleotide is recognized by its effect on changing the
ion current while passing through the pore (Kchouk et al., 2017).
The main advantage of this approach is that sample preparation
is minimal compared to second-generation sequencing methods
and long read lengths in the kilo base pair range can be achieved
(Goodwin et al., 2016; Kulski, 2016; Kchouk et al., 2017). The
main problem with this technology is that the speed of the
template passing through the nanopore must be optimized to
ensure reliable measurement of ion current changes and to reduce
the high error rates in base recognition (Wang et al., 2015).

On Higher-Generation Sequencing Costs
The relatively high costs of aged sequencing platforms themselves
and their operation prevented sequencing projects from
producing data in a high-throughput manner (Reuter et al.,
2015; Chui et al., 2020). Samples were rarely replicated and many
projects showed a descriptive structure to ultimately identify an
individual and/or name characteristics of a microbial population
being studied (Cristescu, 2014). In addition, these projects often
focused on selective taxonomic groups, e.g., usually being easy
to cultivate and/or of great economic and ecological importance,
like harmful algae bloom species (del Campo et al., 2014; Hennon
and Dyhrman, 2020) and marine pathogens (King et al., 2019)
affecting aquaculture farms.

Some of the greatest research leaps, in terms of technological
challenges and bioinformatics, are related to the Human Genome
Project. The Human Genome Project was the international
research effort to determine the DNA sequence of the entire
human genome, which began in 1990 and was declared complete
in 2003 (International Human Genome Sequencing Consortium,
2004). The human genome ended up costing nearly $3 billion
(not adjusted for inflation) and is made up of 3 billion base
pairs (International Human Genome Sequencing Consortium,
2004; Chui et al., 2020). However, only several years later, human
genome sequencing did cost about $300,000 in 2006 and dropped
to a price of about $1,000 in 2014 (both on Illumina Inc.’s
equipment)—and it is expected to cost <$100 within the next
decade (Brown, 2019; Chui et al., 2020; Regalado, 2020).

Total cost considerations for next-generation sequencing
approaches typically focus on the acquisition and consumable
costs of the sequencer, the condition of the laboratory
and additional equipment itself (like quantity and quality
instrumentation) and the experience of the staff in handling
library preparation and sequencing reagents (Christensen et al.,
2015; Schwarze et al., 2020). However, (bio-)informatics costs
related to data analysis, submission and storage are generally not
associated with the sequencing process, but also influence the
final cost per sequencing run (Mardis, 2010). Taking these issues
(and run failures) into account, the average cost per sequencing
run in practice ranges from $1,000 to $10,000 and greatly depends
on the complexity of the library preparation, device and labor
(Christensen et al., 2018; Schwarze et al., 2020).

This still represents a significant decrease in sequencing
costs over the years. As a result, more opportunistic and
normative experimental designs can be pursued to explain
fundamental questions of ecology and evolution. However,
the costs depend greatly on the depth of the question
and its ∗omics pipeline chosen to answer it. Therefore,
experimental design considerations are inevitable in any
∗omics approach and must be carried out beforehand,
in order to save valuable resources, including the sample
material itself.

On Experimental Design Considerations
in Any ∗Omics Approach
As with any technological advancement, the ability to create a safe
and solid experimental design must mature as well. Otherwise, it
might hinder the ability to (re-) produce robust and comparable
estimates on microbial biodiversity. Therefore, there are several
principal points to have in mind while conceptualizing a valid
experimental design.

Even in the era of ∗omics, the need of sufficient technical
and biological replicates remains valid to avoid systematic bias
and batch effects (Auer and Doerge, 2010; Button et al., 2013).
Even though this attitude may cause problems in field studies
with very opportunistic sampling. Nevertheless, a thoughtful
number of samples within the study hypothesis lays the ground
for a realistic biodiversity representation within the sampled
community; otherwise, this error might be the first step in under-
or overestimating the biodiversity and imply variations driven
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by other factors than by biology itself (Auer and Doerge, 2010;
Tung et al., 2017).

In addition, it should be noted that especially environmental
samples are mainly carried out in bulk by sampling a large volume
of water to increase species abundance. Even individual samples
taken from laboratory environments harbor the potential to
introduce sequences as contaminants (e.g., prokaryotic traces in a
eukaryotic sample, but also vice versa). Having various DNA and
ribonucleic acid (RNA) matrices present in one sample implies
an appropriate choice of extraction and enrichment efforts.
Therefore, independent extractions and parallel polymerase-
chain-reaction (PCR) amplifications are important to increase
the reliance on the intermediate PCR steps that enrich the
DNA/RNA templates extracted from a sample (Cristescu, 2014).
In particular, the amplification step can be easily biased as it
tends to introduce initial errors and uneven amplification that
can affect biodiversity estimates (Aylagas et al., 2016). These
problems are encompassed by sequencing errors introduced by
sequencing platforms themselves, thereby increasing the overall
error rate against individual nucleotide bases (Fox et al., 2014;
Paszkiewicz et al., 2014).

Depending on the hypothesis to be answered, the robustness
of the gene marker should be taken into account (Ledergerber
and Dessimoz, 2011; Cristescu, 2014). A good first consideration
for this is the general availability of the marker sequence in
databases in order to compare newly obtained sequences with
verified ones and to expand the study. Interest in evolutionary
events that occurred in a relatively short period of time would
require rapidly evolving markers that changed under the same
selected environmental pressures (Allan and Max, 2010). On
the contrary, studying deep-branching events and evolutionary
relationships would require highly conserved ones not being
strongly affected by environmental changes throughout time thus
rather being housekeeping-like genes (Morgan et al., 2003). In
addition, genes useful for barcoding are not necessarily good
at inferring evolutionary relationships. A good barcode needs
to be able to differentiate between various organisms, whereas
it does not have to depict evolutionary relationships exactly as
a genetic marker would (Rubinoff and Holland, 2005; Spouge
and Mariño-Ramírez, 2012). Typical eukaryotic barcodes used to
assess eukaryotic diversity include the 18S-V4 region of the small
ribosomal subunit (Medlin et al., 1988) or the 28S-D1-D2 region
of the large ribosomal subunit (Scholin et al., 1994), as well as
the ribulose-1,5-biphosphate carboxylase oxygenase gene (rbcL)
marker to assess photosynthetically active protists (Hamsher
et al., 2013). Commonly used DNA barcodes to infer the diversity
of prokaryotic organisms are the 16S ribosomal marker sequence
(Weisburg et al., 1991), the COI gene (cytochrome c oxidase
subunit I, Smith et al., 2012) and the cpn60 (chaperonin-
60, Goh et al., 1998). Due to slow evolutionary rates of this
gene region, ribosomal sequences can also be considered as
good evolutionary markers, especially 16S and 18S sequences
are considered stable (Woese et al., 1990). In addition, genes
identified as orthologs can be used to identify evolutionary
relationships. BUSCO (Benchmarking Universal Single-Copy
Orthologs, odb10 lineages) is a tool that identified 124 single-
copy orthologous genes for bacteria, such as “transcription

antitermination protein NusB,” and 255 genes for eukaryotes,
such as “DNA-directed RNA polymerase subunit,” to infer species
evolution (Seppey et al., 2019). But since the actual number of
species is not yet known and the universality of the genes not fully
addressable, it implies that any marker must be used with caution
and carefully validated throughout the data analysis process.

Before any attempt of clustering, assembling or aligning
sequencing data, various validation and quality steps should
be actively taken into account and be repeated throughout the
sequence analysis (Moreton et al., 2016; Akbar et al., 2018; Chui
et al., 2020). These steps should not only include the removal
of amplification artifacts and contaminations by references, but
also the use of independent benchmarking algorithms to access
the overall performance and comparability of the sequencing run
and the subsequent analysis pipelines (Cristescu, 2014). In this
way, it will be possible to determine taxonomic classifications and
phylogenetic placements with certainty and reproducible by raw
data availability.

These steps will channel the initiative research question and
create a data management plan for the ∗omics approach to
choose from. Reasoning the analytical and quality-assuring steps
beforehand will ensure a complete understanding of the outcome
and secure a valid interpretation of the data. Additionally, by
actively implementing new sequences into existing databases,
previously invisible cellular, metabolic and life-cycle processes
within microbial communities will be revealed (Ching et al.,
2018). This will allow a broader analytic view into the dark
matter of so far insufficiently described environmental sequences
that will annotate metabolic and cellular processes that might
turn out to be crucial for the ecosystem functioning (Marcy
et al., 2007; Grattepanche et al., 2018). The discovery and
characterization of deep-branching lineages of marine microbes
will be essential for studying the origin and evolution of life
in marine ecosystems. It will elucidate how genotypic diversity
shapes phenotypic variances and highlight how this diversity
influences the functioning of marine ecosystems (Stork, 2009;
Heidelberg et al., 2010).

On Data Storage in the ∗Omics Era
The continuously created amount of data underlines that a huge
data explosion in bioinformatics has taken place in the last
decades (Papageorgiou et al., 2018; Chui et al., 2020). A good
example of data aggregation is the Sequence Read Archive
(SRA), the largest and most diverse collection of next-generation
sequencing data from human, non-human, and microbial sources
(Kodama et al., 2012; NCBI Insights, 2020.) which has started
in 2005. Through almost exponential growth, it has currently
reached 43 petabytes (PB) of data and notes that it has passed
its own sustainability tipping point (NCBI Insights, 2020, 2021).
In a certain sense, the scientific community is experiencing a
data crisis. As sometimes, the time spent on solving storage
space problems is longer than the time spent on collecting and
analyzing data (Papageorgiou et al., 2018). Large data centers
are trying to counteract this data crisis by achieving high
storage capacities (Gandomi and Haider, 2015). Nevertheless,
certain infrastructure malfunctions and storage problems can
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lead to a massive and permanent loss of extensive information
(Eglen et al., 2017).

The digital universe is exponentially producing an
unprecedented amount of data, which has brought both
benefits and fundamental challenges to businesses and scientific
communities (Sowe and Zettsu, 2014). This trend is inherently
exciting for the development and deployment of cloud platforms
(like SRA) to support scientific communities that curate large
amounts of data (Chui et al., 2020). The excitement stems from
the fact that scientists can now access and extract values from
the large body of data, establish relationships between bits and
pieces of information from many types of data, and collaborate
with a diverse community of researchers from different fields
(Cristescu, 2014; Eglen et al., 2017; Papageorgiou et al., 2018).

The technical challenges of large data sets are as great as
understanding the dynamics of microbial communities itself. The
age of big data also means that large data platforms for data-
intensive research must be designed in such a way that researchers
can easily search and find data for their research, upload and
download data sets for on-site/off-site use, perform calculations
and analyses, share their results and research experience, and
collaborate seamlessly with their colleagues (Eglen et al., 2017).

The benefits for such infrastructure are obvious: results
become more robust and at the same time transparent. Developed
methods are adapted easier, faster and continuously improved,
further, communicated more widely (Chui et al., 2020), which
brings the productivity of scientific work to a higher level. On
short term, scientific publications would already benefit the most
by the direct publication of the full analysis code used, as any
code will be a more accurate and complete representation of the
analysis than the same part summarized in the body of a text
(Eglen et al., 2017; Chui et al., 2020; Gemeinholzer et al., 2020).

On Bridging Functional and Phylogenetic
Diversity With ∗Omics Approaches
Marine science uses genomic, transcriptomic and proteomic tools
to learn more about the holistic diversity of marine microbial
organisms and their place and order in the ecosystem (Konopka
et al., 2015; Caron et al., 2017). The aim is to broaden the
understanding of the ecological and evolutionary processes
that drive the patterns of diversity seen in marine taxa today
(Swenson, 2011). It also aims to find answers in applied questions
and contribute to understand how marine microbes affect, for
instance, aquaculture stocks, or what role toxins may play in the
drug discovery (Querellou, 2010; Díaz et al., 2019).

Functional diversity characterizes the functional aspects
within a microbial community. It is assumed that the species
of a community correlate positively with the number of
functionalities expressed by the community (Caron et al., 2017;
Caron and Hu, 2019; Escalas et al., 2019). In contrast to
the functional diversity indicated, the phylogenetic diversity of
a microbial community varies according to the phylogenetic
relationships represented by a taxonomic or phylogenetic tree
(Venail et al., 2015). Overall, it is expected that genetic affinity
will result in different species sharing functional traits inherited
from their common ancestors (Swenson, 2011). A multigene

phylogenetic analysis will be the best approach to provide a
framework for the correct interpretation of genomic and related
trait changes in marine microbes and to complement information
on microbial driven processes, e.g., to show the robustness of
the organism with respect to climate change (Woyke et al., 2009;
Stephens et al., 2018).

Molecular sequence information for marine pro- and
eukaryotes are still very limited (Grattepanche et al., 2018;
Zhang et al., 2020), especially for functional genes (Gifford
et al., 2013; de Vargas et al., 2015). To complement the existing
taxonomy of marine microbial communities and to resolve
the underlying eco-functional processes, the research is being
supported by pursuing the growing field of meta-analyses and
unicellular molecular approaches (Cristescu, 2014; Schneider
et al., 2020). Obtained sequences of expressed genes will be
implemented into existing databases and allow an analytical
view into previously undescribed environmental sequences that
may highlight metabolic and cellular processes that are crucial
for ecosystem functioning. The discovery and characterization
of deeply branched relationships between marine microbes will
be crucial for the study of the origin and evolution of life in
marine ecosystems (Burki et al., 2016; Mathur et al., 2019). It
will elucidate how genotypic diversity shapes phenotypic variety
and show how this diversity influences the overall functioning of
marine ecosystems, e.g., in terms of trophic modes (Faktorová
et al., 2020; Schneider et al., 2020).

SEQUENCING ANALYSIS ON A
BROADER VIEW

On Sequence Analysis Trends
Generally, sequence analysis can be understood as a term
for computer-assisted analysis from DNA and RNA originated
sequences to gain knowledge on its individual properties,
biological functions, structures, and evolution (Karlin and
Cardon, 1994). Hence it is important to understand the source
of the data and the different molecular methods used to
determine and interpret the biological sequence in a correct
way and later to combine the respective methods for the best
sequence information coverage possible (Rinke et al., 2013;
Cristescu, 2014).

Sequencing performances can be carried out as meta and
single-cell related approaches. Technological advances, especially
improvements in sequencing sensitivity, drive the current trend
of approaches toward the later, as single-cell genomics and
complementary transcriptomics make it possible to retrieve
a large percentage or even almost the entire genomic and
transcriptomic information of an investigated cell (Liu et al.,
2017; Chui et al., 2020).

On Single∗Omics Analysis
Single-cell∗omics through second- and third-generation
sequencing is emerging as a powerful tool to profile cell-to-cell
variability on genomic and transcriptomic levels and to identify
individual taxa (Wu et al., 2014). Phenotypically identical cells
can vary in behavior and metabolism during their lifespan—and
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this variation is reflected in their genome and expressed genes
as the output from their transcriptome (Conesa et al., 2016; Fan
et al., 2020). Overall, enabling unique opportunities to dissect
the interplay between intrinsic cellular processes and extrinsic
stimuli such as the local environment or neighboring cells under
laboratory conditions (Swenson, 2011; Saliba et al., 2014).

Through the variety of ∗omics approaches, the analysis of
individual cells has the potential to change our understanding
of the organismic structure, since the heterogeneity and fate of
cells within a population can be described and ultimately, the
performance of a single unit within the community modeled
(Boit et al., 2012; Escalas et al., 2019). Furthermore, since the vast
majority of living cells in the environment cannot be cultivated,
single-cell∗omics pipelines hold the promise of discovering yet
unknown species directly from the field by omitting culturing
efforts (Kolisko et al., 2014).

Nevertheless, it is also possible to generate and examine
the whole genome and transcriptome independently of direct
studies on external influences by laboratory experiments. Thus,
trying to create the most complete catalog of the genome or
transcriptome by direct sequencing of DNA and RNA templates
from one cell, respectively (Kunin et al., 2008). By subsequently
using marker sequences or by predicting orthologous genes in the
targeted ∗ome, taxa-specific signatures can then be recognized
and phylogenies pursued (Rotterová et al., 2020). And by storing
the individual sequences in public databases, the resolution of
existing sequences can be improved; later facilitating in new
marker gene predictions (Keeling et al., 2014).

On Meta∗Omics Analysis
Meta∗omics analysis of samples with many species make it
possible to investigate obtained data in a higher context. Contrary
to the single∗omics molecular pipelines, these approaches have in
common that they rely on “bulk” sampling in which the samples
content can be described as being averaged, thus the keyword
meta∗ (Cristescu, 2014). However, bulk sampling, especially on
environmental samples, has the disadvantage that sequences
from species and genes that are less abundant in the sample are
also less frequently sequenced and annotated to a reference, if
at all (Cristescu, 2014; Geisen et al., 2019). One could speak of
an aggregating effect, in which often-existing sequences come to
the foreground, but for this very reason, less frequently occurring
ones are pushed into the background. Nevertheless, the sum of
such data is greater than the individual drawbacks that can be
covered with single-cell approaches as mentioned above.

So-called metabarcoding can provide biodiversity
information by the relative abundance of species taxa
through corresponding abundance on grouped sequence
reads generated via marker gene amplification on environmental
samples (Egge et al., 2013; Okie et al., 2020). Combined with
metatranscriptomics, hence with information on gene activity
during cellular/metabolic processes, the different functions
of present species can be elucidated (Moran et al., 2013;
Gutleben et al., 2018). Therefore, independently of the single-
cell approaches, the combination of these two methods, will
intercalate the discussion on the genetic diversity and abundance
of species with their spectrum of functions, however, with a

broader resolution than on the single-cell level, but giving clues
on the population.

As well here, whole genome and transcriptome sequencing
can be pursued (Kolisko et al., 2014; Sieracki et al., 2019). Similar
to the single-cell technique, this method is non-discriminant
toward the DNA or RNA template, so that the sequencer will
sequence everything present in the sample as there was no matrix
selective step in the workflow (del Campo et al., 2014; Roy
et al., 2014). Using this procedure on a pure culture offers the
possibly to cover the genome or transcriptome almost fully, as
it will sequence many different parts of each organism’s targeted
sequence making the reconstruction process strait forward by
overlapping a great amount of reads from the same origin.

On Microbial Dark Matter in Databases
Sequencing improves the understanding of individual biological
units by providing blueprints for the evolutionary and functional
diversity that characterizes the biosphere. However, currently
available data on microbial sequences are of limited phylogenetic
coverage, as most organisms cannot be cultivated in the
laboratory because the right factors for supply under controlled
conditions have not been met (Bungartz et al., 2012). With
any additional ∗omic information, it will be possible to resolve
many relationships within and between strains and propose
new species, taxa and perhaps superphyla. Unexpected metabolic
properties will be uncovered and broaden, perhaps even challenge
established boundaries between the areas of life.

Nevertheless, the actual extent of marine diversity remains
unclear and the number of unassignable sequences continues
to increase, limiting the view of the remarkable diversity (del
Campo et al., 2014; Grattepanche et al., 2018). This effect may
intensify, so that certain species run the risk of being classified
incorrectly by force or not at all and then disappear in the pool of
dark matter of unannotated sequence reads (Marcy et al., 2007).
Without comprehensive and publically available reference data a
lot of information will remain lost and not assigned to any species
or function (Caron et al., 2009; Caron, 2016). An analysis of
the eukaryotic SAR clade (Stramenopila, Alveolata, and Rhizaria)
highlights the gap between morphologically described species for
which molecular data are lacking: out of 54,275 living species,
only 5,663 living species show a distinct molecular entry—this
means that almost 90% of the molecular information is missing
for this clade (Grattepanche et al., 2018). As for prokaryotes, it is
estimated that only 2.1% of the global prokaryotic taxa have been
sampled, only covering∼200,000 bacterial and archaeal genomes
sequenced so far (Zhang et al., 2020).

Open-access software tools and web services are often used
to perform a bioinformatics analysis described as “sequence
matching” (Daugelaite et al., 2013). Herein, the experimental
sequence is compared with published sequences in a database
of interest. The most commonly used databases are the UniProt
Knowledgebase (UniProtKB) and data from the Swiss Institute
of Bioinformatics (SwissProt); UniProtKB/SwissProt are both
manually annotated databases of verified and non-redundant
protein sequences and mostly used in combination (Bateman,
2019). Both knowledge bases combine experimental results,
calculated features and scientific conclusions through extensive
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literature research. In contrast, Protein Families (Pfam) is a
database of proteins with one or more functional regions and
their different combinations with respect to their function (El-
Gebali et al., 2019). Most search queries are entered through the
National Center for Biotechnology Information (NCBI), which
promotes science and health by providing access to biomedical
and genomic information. Further, it is possible to perform
searches in GenBank (Clark et al., 2016) and the European
Nucleotide Archive (ENA, Leinonen et al., 2011). However,
there are also specialized databases available, such as the Marine
Microbial Eukaryote Project (with transcriptomic data, Keeling
et al., 2014) or the Tara Oceans Science survey (with the V9
region of 18S rRNA, Bork et al., 2015), as well as the Protist
Ribosomal Reference Database (PR2, Guillou et al., 2012) for
eukaryotic microbes. For prokaryotic microbes, databases like
Greengenes (16S, McDonald et al., 2012), Silva (16S, Quast et al.,
2013), EzBioCloud (16S, Yoon et al., 2017) and the Ribosomal
Database Project (RDP, 16S, Cole et al., 2011) are being available.

It is worthwhile mentioning, that many of these alignments
are performed with translated nucleotide sequences, as the
sequence length and file size are minimized, thus reducing
the computational time and effort. Nucleotide sequences of
contigs can be searched in these databases for homologies in
amino acid sequences using the Basic Local Alignment Search
Tool (BLAST, here blastp) or simply as nucleotide sequences
themselves for homologies in nucleotide repositories (blastn)
(Altschul et al., 1990). Translation from nucleotide to protein
sequence is achieved by identifying open reading frames (ORFs)
that are predicted to encode protein sequences based on the
nucleotide triplets or codons from the genetic code (Grabherr
et al., 2011). Some of the dominant tools for gene prediction in
use are Prodigal (for prokaryotes, Hyatt et al., 2010), AUGUSTUS
(for eukaryotes, Stanke and Waack, 2003) and TransDecoder
(applicable for both groups, Haas et al., 2013). The translated
proteins are further searched for homology to known amino
acid sequences using blastp against the UniProtKB/SwissProt
database and used for a Pfam search, in which protein
domains are identified by using probabilistic models, which are
called “profile hidden Markov models” (HMMer, Finn et al.,
2011). Additional properties such as signal peptides (SignalP,
Petersen et al., 2011) and probable transmembrane spanning
regions (TmHMM, Krogh et al., 2001) are also queried from
databases. Furthermore, euKaryotic Orthologous Groups (KOG)
are identified and clustered via EggNOG (Powell et al., 2012).
The KOG database offers an integrated representation of genes,
gene products and involved pathways. Predicted genes can be
further annotated with the database of Gene Ontologies (GO,
Ashburner et al., 2000) and their pathway position is given in the
Kyoto Encyclopedia of Genes and Genomes (KEGG, Kanehisa
and Goto, 2000; Kanehisa et al., 2012). GO arranges biological
terms under three ontologies: molecular, cellular and biological
processes. Hits within the molecular function describe tasks
performed by individual gene products, such as ATPase activity.
Entries for biological processes describe broad biological targets,
such as metabolic activity, which are achieved by a progression
of molecular functions. Entries for cellular processes, on the
other hand, name the products that are active in subcellular

structures/complexes and sites. The Kegg output stores functions
at the molecular level as KO numbers (Kegg orthology), allowing
to retrieve knowledge about enzymes, pathways and proteins
related to sequenced biological material.

Gen∗Omics as the Answer to What Is
There?
Gen∗omic sequencing is the process of determining the order
of nucleotide bases of molecules of DNA (Figure 2). Within
these following paragraphs, genomic DNA shall correspond to
DNA extracted from a single individual or from a collection of
individuals belonging to the same species. Community DNA shall
be understood as genomic fragments from many individuals that
do not necessarily belong to one species.

(A) DNA barcoding allows the taxonomical identification of
a microbial individual based on a PCR product amplified from its
genomic DNA (Cristescu, 2014; Zimmermann et al., 2015). The
result is a straight forward sequence, corresponding to the marker
used, e.g., ribosomal sequences like 16S for prokaryotes and 18S
for eukaryotes. So ultimately, after DNA extraction, amplification
and sequencing, this amplicon sequence is compared against a
reference database containing other sequences amplified with the
same barcode (Guillou et al., 2012), e.g., SILVA for prokaryotic
ribosomal sequences and PR2 for eukaryotes, respectively.
Depending on the resolution, the gene marker is representative
of a certain phyla, clade or species, hence being specific enough to
distinguish the potential new species from others and eventually
leading to its final identification (Spouge and Mariño-Ramírez,
2012). Thus, the DNA barcode must be able to differentiate
between different organisms, while not having to represent
evolutionary relationships exactly as a marker for orthologous
genes in phylogenetic studies would (Spouge and Mariño-
Ramírez, 2012; Ekblom and Wolf, 2014). However, in some cases
these two options go hand in hand, like with ribosomal primers.
When barcoding is used to identify organisms from a sample
containing DNA from more than one organism (∼community
DNA), it is referred to as metabarcoding (see below).

Advantages: straightforward molecular protocol • taxonomic
identification by database matching according to marker gene
• suitable for laboratory samples and environmental/field
samples • suitable for single-cells and cells originating from
culture • approach is resolving cryptic species/phylogenetic
placement according gene directly possible • suitable for
single-cells from environments (after extensive cleaning).
Limitations: identification limited to database entry/robust
reference database needed • universality of the primer
to address all species to address species of interest •
several genes for phylogenetic identification needed • PCR
amplification bias.
Highlights: Medlin et al. (1988) published the primary
structure of the 16S-like rRNA from the marine diatom and
hereby established the 18S primer pair for marine eukaryotes
(1F and 1528R) which is used to this day.

(B) Metabarcoding allows the multiple taxonomical
identification of species within an environmental microbial
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FIGURE 2 | Overall summary of the listed gen*omics applications and their major uses/applications.

community based on a PCR product amplified from the
sample’s extracted community DNA (Aylagas et al., 2016).
DNA barcoding and metabarcoding both generate millions of
copies from pre-chosen gene regions in parallel, however, the
difference lies within the template and the resulting depth of
information (Moorthie et al., 2011). As next to the possibility
to identify multiple species simultaneously, metabarcoding
results can also estimate species abundances to a certain degree
(Truchy et al., 2015; Escalas et al., 2019). Thus making it an
appropriate tool for monitoring programs, e.g., to capture the
seasonal transition in planktonic community composition and
food web structure through the year (Armbrust, 2014). Analysis
steps for these raw sequences include sample demultiplexing
and quality filtering (e.g., trimming), followed by clustering
and annotation of clusters based on reference database entries.
However, all estimates of species richness and abundance in
environmental samples depend on the overall analysis pipeline
and the clustering tool chosen (Straub et al., 2020). Avoiding
quantification bias due to gene copy number variations is an
ongoing discussion in data interpretation (e.g., rRNA copy
number variation depending on cell size; Prokopowich et al.,
2003). Certain studies report an improvement in data accuracy
of microbial community profiles by general (Kembel et al.,
2012) or lineage-specific (Angly et al., 2014) gene copy number
corrections. Amongst others, there are studies claiming the
opposite and do not see the need for such correction at all

(Starke et al., 2021) or see limited benefits that only apply for a
small fraction of taxa (Louca et al., 2018). Due to the ambiguity
of the problem, the analytical approach to be adopted depends
strongly on the planned study, where it cannot be excluded that
several pipelines have to be tested to find the best species estimate
(Pérez-Cobas et al., 2020; Prodan et al., 2020). The read clustering
can be performed by two different approaches.3 The comparable
“older method” clusters reads by high similarity into units to
minimize the effect of possibly introduced errors through sample
handling and sequencing (Cristescu, 2014; Bhat et al., 2019). Each
then generated operational taxonomic unit (OTU) generated by
distance-based clustering is treated as a representative sequence
that can be taxonomically assigned based on the marker used
(Bhat et al., 2019). However, these OTUs are only valid per study
and not comparable with other OTUs from the literature, unless
one would combine all reads of all studies of interest and repeat
the whole analysis. So on a broader view, this method is limited,
as it is not offering a global comparison of results. Thus, a “newer

3Selected clustering approaches for operational taxonomic unit (OTU) are: Swarm
(Mahé et al., 2014), mothur (Schloss et al., 2009), QUIIME (Callahan et al., 2016),
VSEARCH (Rognes et al., 2016). Selected clustering approaches for amplicon
sequence variants (ASVs) are: DADA2 (Callahan et al., 2016), QIIME2-Deblur
(Amir et al., 2017, ASVs are referred to as “sub-OTUs“; Bolyen et al., 2019),
USEARCH-UNOISE3 (Edgar, 2016, ASVs are referred to as “zero noise OTUs”).
Prodan et al. (2020) are benchmarking selected clustering approaches, for OTU
and ASV alike.
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method” has been developed by inferring amplicon sequence
variants (ASVs) which pipeline generates “true” sequences based
on the statistical support for each sequence’s existence and not by
direct similarity (Callahan et al., 2017). As these ASVs represent
exact sequences, it opens up the possibility to compare ASVs
from multiple studies from the literature. However, as based on
statistics, “true” sequences with a lower statistical value might
get lost (Callahan et al., 2017; Brandt et al., 2020). In addition,
as seen in a recent benchmarking study on bacterial genomes,
which often have multiple and not identical 16S rRNA genes,
there is a risk of either artificially splitting bacterial genomes
into more separate clusters or, conversely, collapsing sequence
clusters of different bacterial origin into the same depending on
the threshold used (Schloss, 2021). Due to the unknown nature of
microbial diversity, this potential obstacle should be considered
when working with eukaryotes (Wong et al., 2019) and recently
identified new species to avoid bias.

Advantages: straightforward molecular protocol • suitable
for laboratory samples and environmental/field samples •
characterization of bulk samples with regards to species
richness/composition (from laboratory and field) • no need
for cell isolation/cultivation.
Limitations: universality of the primer to address all species
• identification limited to database entry/robust reference
database • limited ability to quantify species abundance • gene
copy number variations • PCR amplification bias • artificial
splitting or collapsing of sequence clusters.
Highlights: Stoeck et al. (2010) published a Roche 454
protocol for sampling and characterizing 18S assemblages of
eukaryote microbes of which the primers are is still in use for
metabarcoding approaches.

(C) Whole genome sequencing (WGS) is the study of the
complete genome with all coding and non-coding regions of
an organism from its genomic DNA (Ekblom and Wolf, 2014).
Hereby it is possible to perform this method on a single-celled
individuals or multiple cells belonging to one species (Macaulay
et al., 2016; Wang and Song, 2017). Unlike focused approaches,
such as exome sequencing, which analyze a limited portion of
the genome, WGS can deliver a comprehensive view of the
entire genome (Leconte et al., 2020). Herein, Whole Genome
Amplification (WGA)4 is a crucial step, as unlike conventional
PCR it is amplifying the entire genome rather than a specific
region of it (Mueller and Brueck, 2021). As this molecular
pipeline generates millions of copies of not pre-chosen regions
from the genomic DNA, the sequencer is generating reads
from all bits of the genome without any pre-selection, which
are afterward all assembled into one genome. Overall, this
method offers a wide resolution, from detecting single nucleotide
variants, insertions/deletions, copy number changes, and large
structural variants, etc., in coding and non-coding regions of the

4Several methods have been developed for WGA, including multiple displacement
amplification (MDA, Blanco et al., 1989), degenerate oligonucleotide PCR
(DOP-PCR; Telenius et al., 1992), and primer extension preamplification
(PEP, Zhang et al., 1992). While DOP-PCR and PEP are based on standard
PCR techniques, MDA can be achieved with an isothermal reaction setup
(New England BioLabs Inc, 2021).

genome (Yoon et al., 2011). Single Amplified Genomes (SAGs)
are the product of single-cell performed WGA and have been
first applied on the ocean’s prokaryotes (Woyke et al., 2009;
Stepanauskas, 2012). The methodological approach includes the
single cell isolation (manual or via flow cytometric cell sorting),
cell lysis, WGA and sequencing. The reconstruction of the
single-cell originated genome yields reconstruction rates between
20% in eukaryotes (Mangot et al., 2017) and completeness
in prokaryotes (even from uncultured environmental species,
Woyke et al., 2010). In addition, it is possible to combine multiple
SAGs of a species in a complementary manner, increasing the
whole genome recovery rate by up to 70%, by merging reads
derived from environmental samples after similarity analysis
(Mangot et al., 2017).

Advantages: full identification of all sequence variants of the
genome • no pre-selection of genomics regions • no need for
cultivation, one biological unit potentially containing a full
copy of the DNA is sufficient • generally applicable on bulk
and single-cell samples from one species.
Limitations: high computational load for de novo assemblies
• only one species at a time/no meta-analysis possible (no
applicability on field samples, due to potential contamination)
• PCR amplification bias.
Highlights: Woyke et al. (2009) published the first
investigation of the biogeographic distribution of uncultured
marine Flavobacteria by singe-cell generated genomes.

(D) Metagenomics is the study of multiple genomes obtained
from community DNA (Roy et al., 2014; Gutleben et al.,
2018), in most cases environmental samples. The metagenome
is sequenced as such by random shotgun sequencing with or
without prior genome amplification (Thomas T. et al., 2012).
Acquired reads are clustered into groups, so-called “bins,”
assuming that sequence similarity is reasoned by being derived
from the same organism by applying similarity thresholds and
other analysis (like tetranucleotide frequency) (Labarre et al.,
2021). This process called “binning” is creating individual
metagenome-assembled-genomes (MAGs) (Alneberg et al.,
2017). Binning is challenged by the presence of related species
or contaminations within the community (Worden et al., 2012),
which may share conservative genomic regions and uneven
reading coverage due to variations in the frequency of different
microbes in the sample (Kunin et al., 2008; Mukherjee et al.,
2015). The application is especially challenging toward marine
eukaryotes, as marine microbial communities are dominated
by prokaryotes—additionally, unicellular eukaryotes have larger
genomes and lower gene density than marine bacteria and are
less abundant, which makes efficient sequence recovery difficult
(Cuvelier et al., 2010; Lepere et al., 2011; Stepanauskas, 2012).
However, rRNA sequence screening can be used to determine the
taxonomic composition of the metagenome to provide clues as
to which species are present in the sample (similarly, this can be
used with SAGs, Mangot et al., 2017, Supplementary). Ultimately,
this can lead to targeted assemblies of individual genomes
from metagenomics studies (Vaulot et al., 2012). Metagenomic
approaches can be used to study functional responses in DNA
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as well and therefore facilitate the determination of novel genes
(Chauhan, 2019; Labarre et al., 2021). And as with many other
methods, the ability to annotate metagenomic samples should
further improve as the number of annotated (single) genomes in
public databases increases (Gemeinholzer et al., 2020).

Advantages: no pre-selection of genomics regions •
applicability mainly on environmental samples • no need
for cell isolation/cultivation • overall relatively low input of
molecular material.
Limitations: high computational load in deciphering the
different genomes present • masking or grouping effect of
underrepresented and/or conservative regions.
Highlights: Edwards et al. (2006) is one of the first to
apply metagenomics to mine groundwater, sequencing
two environmental metagenomes using Roche 454 high-
throughput sequencing, resulting in the identification
of a number of previously unknown prokaryotes after
sequence annotation.

Transcript∗Omics as the Answer to What
Goes On?
Transcript∗omic sequencing is the process of determining the
order of nucleotide bases of molecules of expressed genes
through sequences of RNA (Figure 3; Kukurba and Montgomery,
2015). Within these following paragraphs, transcriptomic RNA
corresponds to total RNA extracted from a single individual or
from a collection of individuals belonging to the same species.
Community RNA shall be understood as total transcriptomic
fragments from many individuals that do not necessarily
belong to one species.

RNA molecules play a significant role in all living cells
and moderate a variety of processes (Baßler and Hurt, 2019).
Messenger RNA (mRNA) for example is the template responsible
for translating the genetic information stored in DNA into
proteins composed of amino acids (Gerlt and Babbitt, 2000),
each of which has its own type of transfer RNA (tRNA) that
binds and transports them to the growing polypeptide chain
when needed. Ribosomal RNA (rRNA) is an integral part of
both large and small subunits of ribosomes being responsible for
protein synthesis in cells. But there are many more varieties of
(non-coding) RNA which interplay is not yet fully understood
(Thomson et al., 2013).

Transcript∗omics allows to study the type and amount of each
of the RNA molecules in a given cell under a specific condition
and at a given moment (Ziegenhain et al., 2017). A typical RNA
sequencing experiment consists of the extraction of total RNA,
either from a single cell or a group of cells, purification and
evaluation of the RNAs purity and yield (Delhomme et al., 2014).
Depending on the molecular pipeline and sequencing platform,
enrichment steps can be performed; e.g., by polyadenylated
RNA (polyA) selection for mRNA sequencing, size selection or
removal of non-target sequences by hybridization on probes
(Saliba et al., 2014; Ziegenhain et al., 2018). Nevertheless, most
protocols usually start the first-strand synthesis with the reverse
transcription of RNA into complementary DNA (cDNA) to
stabilize the molecular fragile sequence (Picelli et al., 2013). After

clean up, the so-called cDNA libraries may need to be fragmented
to meet the size specification of the sequencing platform. After
cDNA sequencing, data analysis turns to quality control of the
reads in order to align these de novo or, if possible, with a
reference. Transcript quantification and differential expression
analysis will allow detecting variations in gene expression levels
and transcript frequency, alternative splicing as well as gene-
isoforms and variations in individual nucleotides, and will
highlight the post-transcriptional modifications—which may
lead to the discovery of new genes that explain the diverse
functional capacity of the ecosystem.

Most of the methods used for RNA-seq data analysis rely
on well-annotated reference genomes and on accurate genes of
model organisms. Without a reference, a de novo transcriptome
assembly is a strait forward approach to study, e.g., gene
evolution in species for which reference sequences are lacking
(Grabherr et al., 2011; Montero-Mendieta et al., 2017). De novo
transcriptome assemblies are based on algorithms that may vary
depending on the software used (Haas et al., 2013). However, all
de novo assemblers have in common that they are reconstructing
the original sequence by using the sequence reads alone, as
mentioned, without any references (Miller et al., 2010; Svensson
et al., 2018). By use of greedy algorithms, each sequencing
read is aligned to every other reads to build an overlapping
graph. Afterward, distinct paths through the graph are used to
calculate the consensus sequence (Grabherr et al., 2011; Baker,
2012). Contigs are contiguous sequences of reads mapped to
this consensus sequence and named transcripts in these studies.
One problem within this approach is that repeats are being
collapsed into a single contig and unambiguous sequences are
seen as individual ones despite maybe just being an isoform.
Nevertheless, assembly will become less challenging in the future
as the length of reads increases and algorithms are continuously
improved (Auer and Doerge, 2010).

(A) Whole transcriptome sequencing (WTS) is the
sequencing approach toward transcriptomic RNA extracted
from a single individual or from a collection of individuals
belonging to the same species (Richardson, 2008). WTS goal is to
obtain the most complete picture of the total RNA present in the
sample. In this case, the molecular pipeline is not performing any
selection to gather all the present RNA fragments, whether they
are expressing genes or involved in process regulation (Mason
et al., 2012; Weisse, 2017). However, as up to 98% of the cell is
consisting of rRNA in any form, it is worth considering rRNA
depletion prior library construction as otherwise the sequencing
platform might get swamped with this kind of RNA and not
capturing the full variety of it, like small RNAs (Tang et al., 2009;
Zhuang et al., 2013).

Advantages: full identification of all sequence variants of the
transcriptome • no pre-selection of transcriptomic regions
• coding and non-coding RNA are retrieved • no need for
cultivation • applicable on bulk and single-cell samples.
Limitations: high computational load for de novo assemblies
• only one species at a time/no meta-analysis between
diverse species possible (therefore rather not or very limited
applicability on field samples, due to potential contamination)
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FIGURE 3 | Overall summary of the listed transcript*omics applications and their major uses/applications.

• transcript identification limited to database entry •
multiple sequencing runs might be necessary to recover
individual RNA variations.
Highlights: Although the method can be applied as such,
no direct marine study is available in which the entire
transcriptome, i.e., not only mRNA but equally other small
and non-coding RNA species,5 were sequenced and combined.
Looking into the molecular protocols for library preparations,
it is clear that most perform a polyA selection after which
any other form of RNA shall be excluded. Therefore, due to
the variability of RNA species, it seems necessary to perform
multiple sequencing, after which each RNA species must
be sequenced separately and using approaches other than
elaborated NGS protocols, as in the case of Lopez-Gomollon
et al. (2014), who performed a characterization of small non-
coding RNAs in marine microalgae by Illumina sequencing
after Northern blotting.

(B) Most dominant transcriptomics approaches can work
on both transcriptomic and community extracted total RNA
(Gutleben et al., 2018). The difference toward WTS however
is, that these RNA-seq libraries are actively targeting the cells
mRNA by use of enrichment methods. The standard one is polyA

5More generalized information on non-coding RNA variants can be found in Storz
(2002) and Wang et al. (2009).

selection of polyadenylated transcripts using oligo dT primers,
as in theory all (eukaryotic) mature and coding mRNAs are
RNAs with 3′ end polyA tails (Picelli et al., 2013), but will not
work on prokaryotic organisms (hence rRNA depletions steps
are being pursued). Consequently, by analyzing a collection of
ideally pure mRNA sequences from a cell or community, it can
be determined when and where each gene was turned “on” or
“off” and which processes were active in the metabolism. By
collecting and comparing transcriptomes of different types of
cells at different stages and under different abiotic factors, a
deeper understanding of what constitutes a specific cell type
function will be gained (Salazar and Sunagawa, 2017).

(B.1) Single-cell transcriptome sequencing creates a
snapshot of mRNAs throughout an isolated cell by use of
transcriptomic RNA with polyA selection for eukaryotes or
rRNA depletion for prokaryotes (Kong et al., 2008). In recent
years, low-input RNA-sequencing methods have been adapted
to work with single cells. Thus, increasing the number of
unicellular transcriptomes sequenced and deepening the
knowledge about the species distribution as well as phylogeny
based on functional data analysis pipelines (Svensson et al.,
2018). Studies demonstrated the possibility to exploit single-
cells to quantify inter-population heterogeneity previously
masked in bulk measurements in the field, but also under
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laboratory conditions (Kolodziejczyk et al., 2015). In addition,
the method bypasses the need of cell cultivation. Ultimately,
single cell approaches will open new analytical avenues for
studying culture independent unicellular microbial species
in terms of cell subtypes and gene expression dynamics even
in remote areas.
Advantages: exploring gene expression profile at the single-
cell level • variations between cells belonging to the
same species measurable • applicable on laboratory and
environmental samples • detection of low abundance genes.
Limitations: compared to bulk RNA-seq, scRNA-seq
produces nosier and more variable data • high computational
load in assembly • loss of cell due to isolation step •
transcript identification limited to database entry • PCR
amplification bias.
Highlights: Liu et al. (2017) compared the transcript recovery
rates between one cell and bulk samples originating from
two marine laboratory cultures, indicating that transcript
recovery is lower due to low copy mRNA numbers and
related to cell size.
(B.2) Metatranscriptomic sequencing creates a snapshot of
mRNAs throughout a sample originated from community
RNA with polyA selection for eukaryotes or rRNA depletion
for prokaryotes, thus providing information on gene
expression profiles of complex microbial communities
(Conesa et al., 2016; Gutleben et al., 2018). This is a very
efficient way of generating a large set of functional gene
information from across a community of organisms playing
a variety of functional roles (Swenson, 2011). The approach
is particularly informative for microbial communities when
applied in an experimental context where both taxonomic
and gene expression patterns are monitored while particular
biotic and/or abiotic parameters are being manipulated, hence
helping to predict the relationship between mRNA abundance
and protein activity (Salazar and Sunagawa, 2017; Faktorová
et al., 2020). However, environmental metatranscriptomics
is not without challenges, including the inability to assign
functions to a majority of mRNA sequences as most of the
existing databases contain mostly genes from cultured species
and the most abundant genes from a limited number of
environmental samples (del Campo et al., 2014; Keeling et al.,
2014). Despite these current limitations, analysis of mRNA
pools in environmental sample is still a powerful ∗omics
tool for assessing microbial driven ecological processes
(Acevedo-Trejos et al., 2015).
Advantages: applicable on laboratory and environmental
samples • presents averaged gene expression across thousands
of cells • no individual cell isolation needed.
Limitations: high computational load in assembly • masking
effect on low abundant genes • transcript identification
limited to database entry • PCR amplification bias.
Highlights: Frias-Lopez et al. (2008) performed the first
metatranscriptomic study on Prochlorococcus cultures
and revealed not only indigenous gene- and taxon-
specific expression patterns but also gene categories being
undetected in previous metagenomic surveys taken from
the field.

On Phylo∗Omics Through Multiple
Sequence Alignment
In terms of biodiversity studies, phylo∗omics can be most
useful to refine the species identification and to understand
their evolutionary history at different taxonomic levels (Burki
et al., 2016). Although most studies aim to identify taxa using
DNA markers with a single signature, some groups may be
problematic and may require multiple markers for correct species
classification (Daugelaite et al., 2013). In fact, these sequences
may show differences at the nucleotide level, but are still very
similar overall. Classical alignment algorithms compare and
recognize similarities between biological sequences (Zielezinski
et al., 2017). Which “similarities” are detected depends on the
goals of the respective alignment process used.

Multiple sequence alignment has the unique advantage that
it can reveal more biological information than many of the
pairwise alignments (Zielezinski et al., 2017; Bayat et al., 2019).
For example, it allows the identification of conserved sequence
patterns and motifs throughout the sequence family, which
would not be easily detected when comparing only two of the
sequences (Bleidorn, 2017). Many conserved and functionally
critical amino acid residues can be identified in a protein multiple
alignment. Multiple sequence alignment is also an essential
prerequisite for phylogenetic analyses of sequence families and
the prediction of secondary and tertiary protein structures
(Daugelaite et al., 2013; Chatzou et al., 2016). The results are then
converted into evolutionary distances to create a distance matrix
for all sequences involved. The tree reflects the evolutionary
proximity between all sequences—in this case the evolutionary
relationship between marine microbial microbes and can be
based on DNA and RNA retrieved sequences alike (del Campo
et al., 2014; Adl et al., 2019).

Advantages: • identification of functionally important and
conversed motifs • phylogenetic analysis (even for yet non-
annotated sequences) • structure prediction • global and local
alignments possible (depending on the sequence’s confidence
and complexity).
Limitations: • computationally complex • iterative choice of
substitution matrix • large evolutionary distances between
sequences create phylogenetic uncertainty • phylogenetic
classification of unannotated sequences depends on the
certainty/identity of sequences from the database • unequal
sequence lengths and multi-domain proteins (in terms
of gap penalties).
Highlights: Janouškovec et al. (2017) created a dataset of
dinoflagellate transcriptomes to resolve internal phylogenetic
relationships this diverse group, revealing major molecular
and morphological transitions in by horizontal gene transfer.

CONCLUSION

The microbial structure and interaction of microbes within
marine food webs determines the overall systems productivity
and performance. The lack of precise taxonomic information
makes the planktonic assessment of the aquatic system
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difficult. Bulk sampling of marine microbial organisms results
involuntarily in a loss of taxonomic information, which
is essential for monitoring community changes driven by
e.g., climate change.

The taxonomic identity contains information on the overall
functional potential, since different species or genera have
different lifestyles and thus perform a variety of different
functions within the marine ecosystem. But only the combination
of metagenomic analyses and metatranscriptomics alike will
ultimately clarify how current species are responding to different
and changing environmental conditions. Metabarcoding and
metatranscriptomics combined have proven to be good methods
to link snapshots of community compositions to averaged
gene expressions in environmental bulk samples, but single-
cell∗omics approaches are emerging as they are determining
functional insights of individuals by directly linking expressed
genes to a function.

But without single-cell reference data, the pool of unassigned
reads will grow and studies based on meta-analyses will continue
to be largely biased. The possibility to work with one single cell
eliminates the need of cell cultivation and gives the opportunity
to process a cell directly from the field. Further, it enables
the identification of phylogenetic markers for evolutionary
studies and phylogenetic systematics to study various microbial
organisms of pro- and eukaryotic origin via multiple sequence
alignment. Nevertheless, all of the sequencing approaches should
be multidisciplinary coupled with other fields within chemistry
and biology and never work as a stand-alone tool to determine
the organism’s identity and its genes true function.

OUTLOOK

The paramount description of the organismic and functional
diversity of marine microbes is a central dogma in order
to understand how marine ecosystems work. And as the
number of sequencing platforms grows, so is the amount of
data being generated to answer essential questions on the

ecosystem function. With every further technical development,
faster software and, in particular, falling costs for high-
throughput methods, the possibilities of experimental designs
increase. Herein, ∗omics approaches proof themselves as a
valuable toolbox elucidating the black box on the complexity of
life’s networks.

With a greater amount of data, including technical and
biological replicates, any analysis will become more robust and
stable in identifying correlations and statistically significant
patterns. However, with a greater variety of data and scientific
questions to answer, the need to build appropriate bioinformatics
tools and infrastructures to enable robust algorithms and efficient
pipelines for data analysis will rise. And while sequencing costs
are expected to continue to fall, the costs of data analysis and
storage shall remain more or less constant. Therefore, the large
gap between sequencing and analysis functions is expected to
widen and eventually shifting its focus from analysis to storage.

As in every rapidly growing field, the need for respective
experts for molecular work, sequencing itself and general
bioinformatics analysis increase which carries the risk of
encapsulating knowledge along the pipeline. Therefore, we
must think more interdisciplinary than before, so that the
methodological approaches are not wasted, but result in the best
possible synergies to answer specific questions in order to take
appropriate actions in relation to climate change.
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