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The vast biological and biochemical diversity of the global ocean is the driver
behind marine bioprospecting for novel bioproducts. As Marine Biotechnology is
gaining momentum as one of the main pillars of the ‘Brue Growth' revolution, the
ability to screen for novel compounds of interest in species with little or no
genomic resources is paramount. With this respect, proteins, which are easily
metabolised, can be synthetised using convenient DNA recombinant methods
and can easily be modified to better meet the needs of human society, making
them prized targets. Evidently, proteins that hold natural bioactivity and
specificity such as toxins and other venom components, have long captured
the focus of biotechnologists, leading to the merger between environmental
omics and toxinology termed as ‘venomics'. Indeed, bioactive proteins such as
conopeptides, conotoxins, turripeptides and others are long deemed important
subjects of research. Even though current mainstream paradigms set the focus
on secondary metabolites from marine organisms, transcriptomics and
proteomics approaches and their combination are rising strategies for
screening for thousands of proteins and peptides in non-conventional
biological models, emphasising, but not limited to, marine invertebrate animals
due to their abundance, biodiversity and uncanny biochemical strategies to cope
with selective pressure in literally every known marine habitat. Untargeted
approaches, such as RNA-Seq - based transcriptomics and tandem mass
spectrometry — based proteomics, can circumvent limitations related with
absent or reduced genomic annotation. The present review will outline the
main contributions of ‘omics’ and computational approaches for bioprospecting
for proteinaceous marine bioactives. Despite the relatively low number of ‘omics’
studies with the main purpose of discover novel compounds, there is already
important literature showcasing pipelines and approaches for revolutionising the
exploration of the ocean.
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1 Introduction

The global ocean is arguably the widest and most diversified
source of bioactives. Motivated by its vast coastline and varied
biogeography from the Mediterranean to the North Sea, the
European Union (EU) set high prospects for turning marine
bioprospecting into one of the means to lead the global
‘Bioeconomy Revolution” in the near future, as new marine-
derived bioproducts join ranks in novel potential human and
veterinary pharmaceuticals and biomaterials; feeds and
nutraceuticals; eco-friendly pesticides; anti-foulants, and other
applications (see for instance Rodrigo and Costa, 2019; Vieira
et al,, 2020; Gongalves and Costa, 2021). However, virtually all
industrialised nations partake in this race, with potentially high
benefits for scientists and their networks, industrialists and the end-
point consumer. In addition, it is a major contribution to exploit
novel and more sustainable marine resources. Evidently, this last,
but not least, gain implies the industrial production of marine
bioactives rather than its harvesting from the seas.

Bioactive compounds can be simply defined as substances that
can interfere with a biological system, triggering a physiological
consequence that can be either a response or a direct effect. Even
though the concept became popularised by nutraceutical research
(refer to Kussmann et al, 2023, for a recent review), ‘natural
bioactive’ is far from being exhausted by food additive research and
applications. In fact, compounds that interfere with specific
molecular and downstream physiological processes hold great value
as pharmaceuticals, for instance, depending on their specificity,
potency and safety (Lindequist, 2016; Bordon et al., 2020). Many
marine organisms secrete natural antibiotics, anti-foulants and
defensive repellents, without neglecting venomous and poisonous
animals that inject (in the first case) cocktails of neurotoxins with
potential value as painkillers into their target recipients, just to
mention few examples (Shen et al., 2000; Rodrigo and Costa, 2019;
Turner et al, 2020; Guryanova et al., 2023). However, despite the
promises of the seas as an almost inexhaustible source of novel
bioactives, the real number of marine-derived pharmaceuticals, for
instance, may seem staggering low (Martins et al., 2014; Cappello and
Nieri, 2021). In fact, forty years ago, Colwell (1983) in a notorious
paper in Science, had already pointed out the advantages and
challenges of marine biotechnology and its close association to
modern genetic engineering to scale-up production. Still, decades
after, only about a dozen drugs derived from marine bioactives were
tested and approved for commercial use in the USA and the EU since
the late 1960s. This figure includes painkillers like Ziconotide
(developed from a conotoxin protein), antivirals like Vidarabine
(derived from a sponge) and anti-cancer drugs like Trabectedin
(from a tropical tunicate), which is an alkaloid currently under
application mostly for treating sarcomas (recently reviewed by
Cappello and Nieri, 2021). Nonetheless, if we consider the
challenges of bioprospecting through the oceans’ immense
biodiversity and how to translate this endeavour into consumer
products we may, at least partly, understand these seemingly
meagre results compared to bioproducts of terrestrial origin, which
directly or indirectly account for roughly 60% of pharmaceutical
bioactives (Montaser and Luesch, 2011; Lindequist, 2016). We can
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also add the many gaps in the knowledge on basic aspects of the
biology of marine organisms, from systematics to ecology and
physiology, plus difficulties in accessing open water and deep sea
habitats for prospecting (Molinski et al., 2009; Lindequist, 2016;
Rodrigo and Costa, 2019). In addition, producing a natural
compound in the laboratory can be cumbersome and may require
detailed knowledge of unknown metabolic pathways.

From the current state-of-the-art, we may isolate two main
approaches for marine bioprospecting: i) extensively cataloguing
new metabolites and ii) directing searches towards specific needs.
Whereas the second could systematise bioprospecting in favour of the
needs of industry but seems still a mirage in the near future, the first is
currently the mainstream approach that, albeit relying on a good deal
of fortuitousness, is generating important databases especially (but
not exclusively) for metabolites isolated from marine invertebrates
and microorganisms (e.g., Hosseini et al., 2022, for a review) yet to be
translated into consumer products. Regardless of approach, type of
molecule and type of prospective application, it is clear that
systematising marine bioprospecting is paramount. With this
respect, advances in molecular and computational tools, including
public databases, permit retrieving, analysing and storing huge
amounts of data from marine biological samples and
revolutionising bioprospecting (Ambrosino et al., 2019; Maghembe
et al, 2020). These advances include high throughput methods,
designed to analyse one or few endpoints (such as, proteins or
mRNAs) in multiple biological samples in a single run, and ‘omics’
approaches, conceived to analyse multiple endpoints in single runs.
While goals like the identification of multiple species (e.g., microbes)
in single samples can bear enormous advantages, it is ‘omics’ that
enable screening for multiple metabolites, proteins and mRNAs, with
which databases of bioactives and marine genomic resources are
enriched, with the added value of contributing to understand how
compounds of interest are produced in vivo to as a means to achieve
industrial scale-up via genetic engineering using convenient models
such as bacteria and yeasts (Pennington et al., 2018; Maghembe
et al., 2020).

The term ‘omics’ includes a range of techniques conceived to
target specific classes of biomolecules, ultimately providing not only
identification of large batches of substances by contrasting spectra
and sequences against ever-growing databases but also their relative
or absolute quantification (e.g., Martins et al, 2019; Maghembe
et al., 2020; Madeira and Costa, 2021). These methods arose about
two decades ago, arguably with proteomics taking the lead by
combining gel-based separation methods followed by mass
spectrometry (MS) (Madeira and Costa, 2021). Oligonucleotide
microarrays, albeit targeted but able to screen for thousands of
cDNAs in single runs for gene expression studies, rapidly became
popular and are still widely used (Goodwin et al., 2016).
Nonetheless, current advances brought by high-throughput
sequencing, especially RNA-Seq, and the ability to assemble de
novo entire transcriptomes without a priori reference mapping
revolutionised the screening for putative proteins and peptides
from novel species from up dozens of thousands open reading
frames (ORFs) (Wang et al., 2009; Martins et al., 2019). Most
importantly, these methods are untargeted whereas metabolomics
must target more specific classes of molecules due to the
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biochemical diversity of secondary metabolites. Modern gel-
independent separation techniques and tandem MS (MS/MS)
coupled with rapidly improving computational tools and
databases are major players in rendering proteomics and
metabolomics into highly efficient methods now capable of
identifying and quantifying thousands of molecules in non-
conventional model organisms (Martins et al., 2019; Alseekh
et al., 2021; Madeira and Costa, 2021). In addition, omics
approaches may also revolutionise bioprospecting through the
investigation the mechanisms of toxicity in test organisms and
predict in silico the molecular targets of bioactives in humans,
for instance.

In a time of rapid technical advances but slow translation of
research into bio-economical assets, omics seem rightfully placed to
tackle what is simultaneously the oceans’ best advantage and biggest
challenge for biotechnologists - their unsurmountable biodiversity.
This review will summarise the main advances; applications and
contributions of omics for the prospecting of proteinaceous marine
bioactives for biotechnological purposes.

2 Peptides vs. secondary metabolites

Peptides and proteins stand out owing to their ubiquitous
metabolism. In addition, their target specificity and selectivity are
particularly noteworthy in the biomedical field since they rarely
bind to off-target and, therefore, rarely have side effects (see, for
instance, the review by Leader et al., 2008). Moreover, peptides and
proteins can be modified to improve potency and selectivity before
heterologous expression using DNA recombinant technology in
convenient biotechnological models such as bacteria and yeast,
benefitting from standardised protocols that include retrieval and
purification (see, for instance, Rivera-de-Torre et al, 2022 and
references therein). On the other hand, a considerable number of
enzymes or non-enzymatic catalysts is likely required for the
synthesis of secondary metabolites. Thus, compromising cost
effectiveness, assuming the biosynthetic pathways of metabolites
have been determined in the first place. Nevertheless, it should be
bear in mind that the different post-translational modifications
needed for the protein to be active can dictate the host system and,
consequently, the cost of production (Rivera-de-Torre et al,, 2022).

Still, peptides and proteins have several limitations for
biomedical applications. Susceptibility to enzymatic degradation
and rapid clearance lead to a short plasma half-life as well as being
degraded in the gastrointestinal tract. Additionally, their
membranes bear reduced permeability to such large molecules,
which hinders oral uptake and bioavailability. Altogether, the best
entry route for peptide and protein as therapeutics is by
subcutaneous injection which can turn these drugs into less
attractive solutions as it can cause discomfort or pain during
administration. Some of the peptides and proteins drawbacks are
now being overcome with new strategies, such as, amino acid
modifications (including changing to artificial ones), backbone
modifications, conjugation and new formulations (for reviews on
protein and peptide therapeutics, refer to Fosgerau and Hoffmann,
2015, and Erak et al., 2018). Finally, a word must be given to the
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relevance of protein-directed omics for the discovery not only of
bioactives per se, but also to the enzymes involved in the
bioprocesses of synthesis of compounds of interest. Even though
this perspective is still in its infancy, it may be paramount to
produce and eventually scale-up the typically cumbersome and
costly production of secondary metabolites.

3 An overview of omics strategies
for bioprospecting proteinaceous
marine bioactives

The tremendous biodiversity of the oceans is, at the same time, a
major booster and challenge for bioprospecting the marine
resources with the ultimate goal of unravelling novel bioactives as
there is much still to be explored. The many gaps found in the
knowledge of these species can be counterpointed by omics and
computational tools as they can be used for attempting to
characterise new biomolecules as well as to predict their
interactions, mode-of-action and effects (Rodrigo and Costa,
2019). Indeed, there are already some pipelines for trying to
identify new biomolecules with biotechnological potential from
sample collection to isolation and production of sequences of
interest with potential biomedical applications (Figure 1 and
Table 1). This includes analyses like transcriptomics and (or)
proteomics to discover and sorting through hundreds or even
thousands of molecules. Please refer to von Reumont et al. (2022)
for an overview of protocols to collect venom from different groups
of animals. Moreover, distinct procedures of extraction and sample
preparation are adopted according to the type of biomolecules of
interest (DNA, RNA, proteins or metabolites) and the omics
platform or approach. The multiple number of omics methods
are related with different levels and events from gene expression and
its regulation to the metabolism. Omics thus encompasses various
approaches to identify, characterise and quantify many
biomolecules in single runs. Therefore, transcriptomic and
proteomic profiling of non-conventional model organisms may
facilitate the discovery of marine proteinaceous toxins and other
bioactives with biomedical applications (Rodrigo and Costa, 2019).
Nevertheless, the data obtained from bioinformatic analyses should
be validated on the wet lab, for instance, by PCR and/or RT-qPCR
for RNA-Seq strategies and by Western blot and/or ELISA for mass
spectrometry. Moreover, the predicted functions and interactions
with other substances should also be assessed through the
evaluation of toxicity and bioreactivity of the compounds. These
functional experiments can be performed in vitro followed by in
vivo testing.

3.1 Transcriptomics

Due to reduced genomic resources available for marine
organisms, untargeted approaches, such as next-generation RNA
sequencing (RNA-Seq), allow to identify new molecules of interest
through de novo transcriptome assembly and functional annotation.
Afterwards, computational tools assist to reduce from many
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FIGURE 1

A pipeline to unravel novel proteinaceous bioactives through ‘omics’ strategies. Coding regions of putative genes of interest can be predicted from
the assembled transcriptome. Proteomics can complement transcriptomics by validating peptides and proteins of interest. In either case, predicted
coding regions or inferred peptides and proteins are functionally annotated by homology-matching against available and constantly-evolving

databases. Finally, gene ontology and pathway analyses, for instance, may enable the discovery of function and physiological and molecular targets

of novel biomolecules.

bioproducts to the ones with the most potential to be translate into
the market. Nevertheless, there are some challenges associated with
RNA-Seq, namely, the short length of the sequenced reads and a
slight decrease in the accuracy compared to the Sanger sequencing,

Transcriptomics via RNA-Seq is an approach that aims at
studying the whole-transcriptome and also quantifying gene
expression (for a review, see for instance Wang et al, 2009
Stark et al., 2019). Although RNA-Seq requires massive
computational resources, especially if de novo assembly is
intended, and generates large amounts of data (which can turn
its interpretation challenging), it is also an untargeted approach
and consequently, may not require a genome or transcriptome of
reference. Since all the different software and approaches to the
transcriptomic pipeline are worthy of a full review, we will only
focus on the most important aspects of the pipeline to provide a
starting point. For a general overview, please refer to the dedicated
reviews Conesa et al. (2016) and Stark et al. (2019), while for a
review in RNA-Seq applied to venomics, turn to Verdes et al.
(2016) and von Reumont (2018).

In most marine species, due to the absence of well-annotated
genomes or transcriptomes to which map reads, de novo assembly
of transcriptomes is essentially mandatory. There are several
different computational applications for assembly of
transcriptomes. However, as von Reumont et al. (2014) and
Holding et al. (2018) pointed out, they can lead to distinct results
as they have different algorithms and, consequently, can produce
contigs distinct in length, number, identity and quality. Moreover,
they also differ in the sensitivity to detect transcripts with low levels
of expression. The performance of these software suites can be
improved if the reads are paired-end and long. Holding et al. (2018)
assessed the performance of software for de novo assembly of
transcriptomes from venom-glands of snakes and scorpions.
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These authors proposed a combination of the results from
multiple assemblers to recover a more complete group of
transcripts encoding toxin with higher quality. While Rana et al.
(2016) evaluated different software regarding de novo transcriptome

TABLE 1 Resources for transcriptomic and proteomic analyses.

Analyses Name Reference
Grabherr et al.
Trinity (2011); Haas
Transcriptome et al. (2013)
Assembly
Oyster MacManes (2018)
-Manes
River Protocol achianes
Kallisto Bray et al. (2016)
Transcript Salmon Patro et al. (2017)
Abundance
Li and
RSEM
Dewey (2011)
TransDecoder Haas et al. (2013)
Tools/ Predict
Softwares coding regions Trinotate Bryant -
et al. (2017)
Blas Comacho
Homology-search et al. { )
hmmer Eddy (2009)
ificati Teufel
Identification of SignalP eufe

signal peptide et al. (2022)
Perkins

Mascot S
ascot server etal. (1999)

Peptide
identification

Shilov

ProteinPilot
et al. (2007)

(Continued)
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TABLE 1 Continued

Analyses Name Reference
1
MaxQuant \C/on an(2008
Quantification of Mann ( )
peptides ‘ Sciex
and proteins PeakView (Framingham,
MA, USA)
o MS-Digest from http://prospector.
Digestion . ucsf.edu/
) Protein
of peptides prospector/
Prospector
mshome htm
. M i
P?'edlcFlon of - PeptideRanker ooney
bioactive peptides et al. (2012)
Prefdlc'tlon _Of Pirtskhalava
antimicrobial PAASS
. et al. (2021)
peptides
. Huang et al.
Pathway analysis DAVID (2009a, 2009b)
IPA Kramer
et al. (2014)
Network Ivsi C Shannon
etwork analysis oscape
4 ytoseap et al. (2003)
Szklarczyk
Stri
ring et al. (2023)
Prediction Waterhouse

3D structures

SWISS-MODEL

et al. (2018)

Int t
. eracf ome HuRI Luck et al. (2020)
analysis
HADDOCK Dominguez
et al. (2003)
Dockil alysi Pett
ocking analysis Chimera ettersen
et al. (2004)
GOLD Jones et al. (1997)
Multigene R ist
. onquis
hyl MrB 3
phylogenic rhayes et al. (2012)
analysis
Robinson et al.
edgeR (2010); McCarthy
et al. (2012)
Differential
gene expression limma Ritclhie
R Packages et al. (2015)
DESeq2 Love et al. (2014)
Canzler and
Pathway analysis multiGSEA Hackermiiller
(2020)
GEO Barrett
et al. (2011)
Transcriptomic
data European
Databases Nucleotide Yuan et al. (2024)
Archive
X ProteomeXchange = Deutsch
Proteomic data R
Consortium et al. (2023)
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TABLE 1 Continued

Analyses Name Reference
The Uniprot
UniProt Consortium
(2023)
O’Leary
RefS
el et al. (2016)
Genes GenBank fte:ls 0(2013)
and Proteins )
European
Nucleotide Yuan et al. (2024)
Archive
PDB
Protein Data w .
Bank archive consortium
(2019)
The Gene
Ontol
Function Gene Ontology e ogly
Consortium
(2021)
Kanehi
Pathways KEGG anehisa
et al. (2023)
Plam Paysan-Lafosse
Conserved et al. (2023)
protein domains terbro Paysan-Lafosse
et al. (2023)
Jungo and
Toxins Tox-Prot Bairoch (2005);
Jungo
et al. (2012)
Minkiewicz
Bioacti tid BIOPEP- M
ioactive peptides O UW. et al. (2019)
CAMP Thomas
Antimicrobial et al. (2010)
peptides Pirtskhalava
DBAASP
et al. (2021)

Examples of computational tools, R packages and databases that can be used for the study of
the transcriptome and proteome of organisms.

assembly of killifish, Hélzer and Marz (2019) performed a
comparison between software within distinct species. Altogether,
the tool that outperforms the others appears to be different in these
works and some authors also raised the hypothesis that comparing
software is a difficult task and the best one can vary according to the
species in study. Nevertheless, Trinity (Grabherr et al., 2011; Haas
etal., 2013) appears to be popular in marine transcriptomic studies.
Recently, MacManes (2018) proposed the Oyster River Protocol,
which includes the usage of multiple software for de novo
transcriptome assembly, and it has already been applied for the
sea urchin transcriptome (Murano et al., 2022). As a rule, the reads
for transcriptome assembly have to be mapped back against the
transcriptome in order to quantify transcript abundance
(alignment-based or alignment-free algorithms). The peptides and
proteins with potential for biotechnological applications (for
instance, toxins) might be expressed only in an organ or a few
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organs of interest. Therefore, a differential expression analysis
between an organ of interest and a reference organ may facilitate
sorting out through hundreds of thousands of transcripts.

Apart from de novo assembly, distinct methods to annotate the
sequences also greatly influence the outcomes, as well as whether
homology-based search employs translated or nucleotide
sequences. Beforehand, predicting coding regions within the
assembled transcripts must be performed using specific software
like TransDecoder (Haas et al., 2013) or Trinotate (a suite that
includes the first software and different tools used for annotation)
(Bryant et al., 2017). For annotating the predicted ORFs (open
reading frames), different approaches can be applied: a homology
(reference) -based search against proteins present in public
repositories, such as UniProt (The Uniprot Consortium, 2023) or
RefSeq (O’Leary et al., 2016), or identification of conserved protein
domains present in databases, for instance, Pfam or InterPro
(Paysan-Lafosse et al., 2023). Blast (Camacho et al,, 2009) is one
of the most used tools for annotating proteins through homology-
searches against public repositories. Since marine organism are not
well-annotated, performing different runs against different
databases and subsets like Tox-Prot (Jungo and Bairoch, 2005;
Jungo et al., 2012) or lineage-specific (Smith and Undheim, 2018)
can be an option for identifying with greater confidence a higher
number of homologs such as toxins. Nevertheless, Smith and
Undheim (2018) pointed out that homology-based searches are
prone to erroneously identify non-toxin proteins as toxins. Despite
some authors also using hmmer (Eddy, 2009) as standard for such
searches, this software is better known for conserved domains.

There are other tools that help filtering the data and discover the
potential function of the toxins. It could be performed a Gene
Ontology (GO) analysis (The Gene Ontology Consortium, 2021)
with the purpose of data mining and trying to identify and group
the predicted translated sequences according to their potential
function or activity. Another example is DAVID (Huang et al,
2009a, 2009b), which allows retrieving functional annotation.
However, one drawback of this approach is that genes or proteins
must be from a model organism. Therefore, for non-conventional
marine organisms, their transcripts and proteins have to be
converted into homologs. Something similar happens while using
the R package multiGSEA (Thaka and Gentleman, 1996; Canzler
and Hackermiiller, 2020) for performing a pathway enrichment
analysis. Although this tool allows to integrate and combine data
from various ‘omics’ during the analysis, it has a limitation as it can
be only used with model organism. One possible solution to
circumventing these annotation problems is to retrieve GO terms
for close homologous proteins and perform a Fisher’s test. Other
interesting tools are IPA (Kriamer et al, 2014) and Cytoscape
(Shannon et al, 2003), which enable analysing protein-protein
interactions and retrieve non-canonical networks.

While analysing RNA-Seq data, some assumptions must be kept
in mind. Specifically, we must be aware of the importance of RNA
extraction protocols, as losses and hindered integrity of RNA can
occur. In addition, a considerable part of RNA in cells is rRNA.
Apart from some bias originated from different sequencing
platforms, hindrances may also result from computation. They
can be related with de novo assembly or mapping reads against
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the transcriptome of reference. Here, using long-read sequencing
or/and paired-end sequencing could tent to bring more robustness
to predictions. Altogether, this illustrates the importance of
validating the transcriptomic results, namely through PCR and/or
RT-qPCR. Moreover, alternative splicing, plus the fact that not all
mRNA templates are translated and that translation could happen
at different rates (without prejudice of post-translation
modifications), might also bias the outcomes of in silico analyses.
At least in part, these issues may be resolved by coupling
transcriptomics with proteomics, as already described in the
works by Rodrigo et al. (2021b); Rodrigo et al. (2022), or von
Reumont et al. (2020) or even Whitelaw et al. (2016).

3.2 Proteomics

Mass spectrometry-based proteomics, regardless of separation
methods, which are discussed elsewhere (e.g., Madeira and Costa,
2021), is a strategy also used for bioprospecting the oceans for novel
proteinaceous bioactives by targeting more directly the final
products of gene expression. Moreover, the post-translational
modifications (PTMs) can also be detected or at least predicted
by these methods. Still, shotgun proteomics typically yields a small
number of molecules when compared to transcriptomics.
Nevertheless, proteins are a product of gene expression in a more
downstream position compared to transcripts, which can provide a
more realistic vision of metabolic condition, i.e., closer to actual
phenotype (Martins et al., 2019). In addition, addressing PTMs also
provides a more realistic assessment of protein structure and
therefore function and ligands. It must be noted, though, that,
proteomics is based on the detection of fragmented proteins
(producing ionised peptides usually with 10-20 amino acids) and
therefore typically does not yield full peptidic sequences. However,
as it offers a more realistic screening of functional proteins in
organisms, we may expect a rise in its application in
bioprospecting in the near future, marine bioprospecting
inclusively, concomitant with steady advances in mass
spectrometry (MS) and associated computational approaches. The
reader may refer to Slattery et al. (2012); Aebersold and Mann
(2016) and Walker et al. (2020) for dedicated reviews on marine
proteomics, proteomics and proteomics applied to the study of
venoms, respectively.

Although distinct methods and instruments can be used for
proteomics, there is a common pipeline that involves separation of
molecules, followed by their transference into the mass
spectrometer and finally, data analysis (see, for instance, Madeira
and Costa, 2021). One of these strategies is LC-MS/MS (liquid
chromatography-tandem mass spectrometry), which joins together
liquid chromatography as a separation method with electrospray
ionisation mass spectrometry. From MS/MS spectra, peptides are
inferred by contrasting against m/z ratio databases. Then, other
algorithms, such as Mascot Server and ProteinPilot (Perkins et al.,
1999; Shilov et al.,, 2007), contrast the resulting peptides against a
database provided by the user, e.g. the entire UniProt (The Uniprot
Consortium, 2023) vs the entire RefSeq (O’Leary et al,, 2016) or a
customised database, in order to try to tentatively identify proteins.
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On the other hand, quantification of proteins can be an absolute or
relative depending on whether the proteomic approach is label-
dependent or free (see, for instance, Anjo et al., 2015). After protein
identification and quantification, functional annotation is
performed similarly to transcriptomic studies. Some tools and
analyses are in fact common to both omics, including GO
analysis. There are also software tools that enable to predict the
bioactivity of peptides such as MS-Digest from ProteinProspector
(http://prospector.ucsf.edu/prospector/mshome.htm), which allows
in silico proteolytic digestion of the proteins into small peptides,
which are then ranked according to their potential with
PeptideRanker software (Mooney et al., 2012). Moreover,
analysing the differences in the quantification of regulation
between target and reference organs may also help unravelling
novel proteinaceous bioactives through background subtraction.
This analysis can be also a solution to overcome a major drawback
of proteomics, which is the overshading of rarer proteins by more
abundant molecules.

By combining both transcriptomic and proteomic techniques,
proteotranscriptomic studies might be more accurate. Using the
translated predicting coding regions as the reference database to
identify proteins could potentially avoid the misidentification of
proteins as toxins when they are instead non-toxin (Smith and
Undheim, 2018; von Reumont, 2018). Joining transcriptomic and
proteomic studies can also be a method for validating the results.
There are other possible strategies for validating in silico results of
proteomics, such as performing ELISA or Western blot, given that
antibodies are available or can be raised for the purpose. The
forecasted outcomes predicted by proteotranscriptomic should
also be evaluated through toxicity and bioreactivity experiments.

3.3 Discovery of novel bioactives with
biotechnological potential through omics
and computational approaches

3.3.1 Omics studies employed to unravel
promising bioactives

Non-model marine invertebrates are promising candidates for
bioprospecting due to their immense biodiversity, despite reduced
or absent genomic annotation. Available literature employing
transcriptomic or proteomic studies on these organisms for the
purpose of bioprospecting is still disappointingly low. However, the
state-of-the-art indicates promising perspectives (Table 2). We may
refer, for instance, to the works of Urbarova et al. (2012); Ramirez-
Carreto et al. (2019) and Alcaide et al. (2024) that refer the potential
of sea anemone toxins as candidates for drug discovery. Indeed,
Alcaide et al. (2024) complemented a shotgun proteomic approach
with in vivo bioassays with zebrafish embryos to assert toxicity and
bioactivity. Urbarova et al. (2012), in turn, studied the
transcriptome of two sea anemones to identify potential
neurotoxins using transcriptomics. The same authors also used
SWISS-MODEL (Waterhouse et al., 2018) with the purpose of
predicting protein structure. Moreover, Urbarova et al. (2012) also
highlighted the importance of identifying conserved protein
domains (linked with the proteins reactivity and interaction with
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other molecules) as a mean to unravel novel peptides or proteins, as
it could also give clues about their molecular functions and docking
to specific molecular targets, which is paramount for
drug discovery.

An interactome-directed analysis against the druggable human
proteome (defined by Hopkins and Groom, 2002 as the human
proteins that might interact with drug-like molecules) is another
option to be considered before starting animals test and clinical trials.
Through predicted protein-protein interactions, possible targets in
the human proteome, including off-target (non-therapeutic drug
targets) can be attributed to drug candidates. For this protein-
protein interaction analysis, tools based on coevolutionary analysis
and fragmental docking (Bai et al,, 2016; Wang et al., 2020) that are
being employed during the design of synthetic drugs could now
potentially be applied in this novel pipeline for bioprospecting. Not
only does this analysis attempt to predict the effects of the potential
drugs on the human pathways, but it also might facilitate the
mitigation of the side-effects. It is indeed the misidentification of
targets and unexpected side-effects that lead to the cancellation of
many clinical trials. Therefore, the outcome precludes possessing a
shortlist of bioactives of interest. Altogether, this drug discovery
approach could be a cost-effective alternative to other methods, such
as the design of synthetic drugs. Despite being focused on Chordata,
another interesting pipeline for bioprospecting, especially applied to
drug discovery was presented in the study of Kirchhoft et al. (2021).
Here, a network-based pharmacology analysis merged the
transcriptomic profiling of distinct stingray species with venom
bioactivity data obtained from bioassays in order to predict the
toxins’ mechanism of action. In this screening assay, the stingray
venom bioactivity was compared with the effects of hundreds of
substances onto HeLa cells.

Among multi-level omics applied to biotechnology, we may
refer to Rodrigo et al. (2021b) and Rodrigo et al. (2022), who
complemented transcriptomics with proteomics to identify proteins
with potential for biotechnological applications in the secretions of
the polychaeta Eulalia sp. Rodrigo et al. (2021b) also performed
network analysis based on protein-protein interaction using
STRING (Szklarczyk et al., 2023) by finding the human homologs
of the main proteins common to transcriptomic and proteomic
data. With this work, the authors tried to shed some light on the
mechanism that could be behind the fact that the secretions of
Eulalia sp. targeted the cell cycle by provoking a cell arrest and
inducing extrinsic programmed cell death in ovarian cancer cells.
Moreover, through omics, Rodrigo et al. (2022) tried to identify
peptides and proteins within Eulalia sp. secretions. The same
authors also pointed out the presence of fluorescent proteinaceous
complexes that can be uptaked by human cancer cells for potential
use as probes. From the transcriptomic data of Eulalia sp., Rodrigo
et al. (2024) successfully isolated six transcripts that encode
potentially drug candidates for a range of different biomedical
applications: from targeting the nervous system to influencing the
immune response, ultimately aiming at heterologous expression
and bioactivity testing.

Another possible approach to identify bioactives through omics was
the comparative transcriptomics between two Polychaeta (Glycera alba
and Hediste diversicolor) performed by Moutinho Cabral et al. (2022).
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TABLE 2 Examples of non-conventional model marine organisms studied through ‘omics’ strategies to unravel novel bioproducts with potential

biotechnological applications.

Phyla Species Omics Bioproducts Potential applications Reference
Urbarov:
Bolocera tuediae ~ Transcriptomics | Toxins Drug discovery (e.g., neurotoxin) etrafr((;xoiz)
H thi Urbarove
di;:::; " Transcriptomics | Toxins Drug discovery (e.g., neurotoxin) etralér((;\(])dlz)
o Ramirez-
Cnidaria Anthopleura Transcriptomics . i . i X amrez
. . Toxins and accompanying bioactives Drug discovery Carreto
dowii and Proteomics
et al. (2019)
Drug discovery (e.g., immunotoxins .
L. . . . . . . . X Alcaide
Actinia equina Proteomics Toxins and accompanying bioactives for cancer) and other biotechnological ¢ al. (2024)
et al.
applications (e.g., molecular probes)
T) iptomi Drug di .g., anti- Rodrig
Eulalia sp. ranserip On’%lCS Toxins and accompanying bioactives rug discovery (‘e E- antt ocnse
and Proteomics cancer therapeutics) et al. (2021b)
T iptomi Drug di .g., bi ke Rodri
Eulalia sp. ranserip Om_lc Endogenous fluorescent proteins rug discovery (e, biomarkers ocrigo
and Proteomic for cancer) et al. (2022)
Drug discovery (e.g., painkillers, Rodrico
Eulalia sp. Transcriptomics | Toxins and accompanying bioactives anticoagulative drugs, adjuvant of ¢ al ?2024)
et al.
other drugs)
Annelida Drug discovery (e.g., drugs targetin Moutinho
Glycera alba Transcriptomics | Toxins and accompanying bioactives 8 i ,'g" 68 targeting Cabral
nervous system disorders)
et al. (2022)
. . . - . Campos
Glycera alba Proteomics Toxins and accompanying bioactives Drug discovery
et al. (2023).
D i .80
A rug dls‘cov-ery (e.g., drugs Moutinho
Hediste i i . i X i modulating immune response, }
L Transcriptomics | Toxins and accompanying bioactives o . Cabral
diversicolor antibiotics) and food industry
. et al. (2022)
(e.g., biocides)
Drug di .., painkillers,
. . Toxins and accompanying bioactives (with special n,lg iscovery (e.g, painkllers Fouda
Conus taeniatus Proteomics 8 antidepressants drugs, drugs for the
focus on conopeptides) et al. (2021)
treatment of tumours and cancers)
Transcriptomics, Drug discovery (e
u; Vi 8o .
Conus betulinus Proteomics Antimicrobial peptides ‘g . X 2l -g Li et al. (2022)
. antimicrobial, antifungal)
(and Genomics)
Drug discovery (e.g., antimicrobial,
tit th , drug deli Pérez-Pol
Octopus vulgaris Proteomics Bioactive peptides an 1'u m‘or erap Y? g detivery crestono
applications and biomarkers for the et al. (2023)
health or quality of octopus)
Mollusca Drug discovery (e.g., antimicrobial,
lecules with antioxidant ties, | Imr
Octopus vulgaris Proteomics Bioactive peptides Tno ecuies ‘_W antioxidant properties it
immune stimulators, new molecules et al. (2023)
for cancer research)
Drug discovery (e.g., antimicrobial,
bioactive collagen peptides, Carrera
a
Dosidicus gigas Proteomics Bioactive peptides antitumoral therapeutics) and
. . . et al. (2020)
biomarkers for the quality of jumbo
squid products
A It 8. Zhang
Magallana gigas Transcriptomics | Production of biomass qua?u ure (é & i s
breeding applications) et al. (2019)

Despite being sympatric, these annelids present different ecology, which
can translate into expression of distinct toxins with potentially different
molecular targets and thereby, biotechnological applications. The
authors also performed an interactome-directed analysis against the
human proteome using the HuRI platform (Luck et al,, 2020). For the
later analysis, human homologs of predicted ORFs were used for
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analyses, which can introduce bias. Altogether, Moutinho Cabral et al.
(2022) showed that while the predator Glycera alba secretes
proteinaceous toxins that might be applied to the treatment and
management of diseases from the nervous systems, Hediste
diversicolor might produce bioactives that could be used for
modulating immune response or as biocides.
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Transcriptomics and proteomics should also be complemented
with an assessment of the interaction of the protein of interest with
biological systems (e.g., toxicity and bioreactivity testing). An
example of a work that joined proteomics in the search for toxins
and other proteinaceous molecules of interest with bioassays for
testing the cytotoxicity of the venom is Campos et al. (2023). Apart
from this, the study of Glycera alba together with its transcriptomic
analysis (Moutinho Cabral et al., 2022) further validate in silico
analysis and reiterate the importance of complementing multi-level
omics analyses to validate the discoveries. With this study, Campos
et al. (2023) highlighted the detection of proteins bearing potential
for biomedical applications, namely, glycerotoxin due to its possible
interference with neuromuscular calcium channels.

Another example of interest is gastropod Conus taeniatus,
whose proteome was analysed by Fouda et al. (2021). These
authors matched the outcomes from MS/MS proteomics against a
lineage-specific (Conus) database. The authors highlighted that
some venom components of this cone snail could be candidates
from drug discovery due to their possibility of interfering with ion
channels or having antimicrobial proprieties. Li et al. (2022) study
instead another Conus species. Here, the authors proposed a
strategy to identify and characterise antimicrobial peptides
through the use multi-level omics data. Apart from employing
in silico tools for discovering physicochemical proprieties and
predicting 3D structures for putative proteins, they also
synthesised a few peptides and performed successful antimicrobial
assays, thus highlighting the already acknowledged interest of cone
snails for biotechnologists. In turn, Leal et al. (2022) performed a
high-throughput search for antimicrobial peptides, but this time
instead the analysis was purely in silico. This study on Gastropoda
characterised several putative peptides and bioactivity was
determined using PASS (Pirtskhalava et al., 2021).

Within the Mollusca, cephalopods are promising targets for
bioprospecting. Distinct omics studies in Octopus vulgaris
identified candidate proteins and peptides for biotechnological
applications in the mucus produced by the skin and in the ink as
well, namely molecules that might have antimicrobial,
antitumoral, antiviral activities (among others), or even be used
as potential immune stimulators (Imran et al., 2023; Perez-Polo
et al, 2023). These studies applied a similar methodology to
identified peptides and proteins of interest by employing a
shotgun proteomic strategy coupled with GO, pathway and
network analyses. They attempted to predict peptides with
bioactive potential through different software and databases,
such as MS-Digest (http://prospector.ucsf.edu/prospector/
mshome.htm) and PeptideRanker software as well as the
databases included in BIOPEP-UWM or CAMP (Thomas et al.,
2010; Mooney et al., 2012; Minkiewicz et al., 2019). Interestingly,
Carrera et al. (2020) also used a similar approach for mining
through the skin proteome of the jumbo squid (Dosidicus gigas).
Here, the authors highlight putative peptides with several
proprieties, such as antimicrobial and antitumoral, as well as
bioactive collagen peptides. Nevertheless, Carrera et al. (2020)
advocated the need to screen for the bioactivity of any
recombinant form of these peptides. Moreover, they also
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pointed out advantages of using computational approaches to
narrow the number of potential candidates.

While the previously mentioned marine organisms are of
particular interest due to biomedical potential of their bioactives,
there are also organisms worthy of mention for other
biotechnological applications such as aquaculture. We may refer,
for instance, to the study performed by Zhang et al. (2019) on the
oyster Magallana gigas. Here, a comparative transcriptomic analysis
and analysis of alternative splicing were employed between a line of
oyster artificially-selected to have a fast growth and the wildtype.
With this study, the authors intended to provide the first approach
to the discovery of the molecular mechanism faster growth in these
high-value bivalves.

3.3.2 Omics and computational approaches
highlight organisms of interest

Not all marine omics studies aim directly at bioprospecting. In
fact, the aim of multiple studies of “- omes” from non-conventional
marine invertebrates ranges from pure descriptions of venoms to
phylogenetic analyses. Nevertheless, these works can point out good
roadmaps and organisms of interest, or even indirectly, molecules
of interest from a pharmacological or biotechnological point of
view. Altogether, these studies already indicate that, for instance,
cephalopods, gastropods, cnidarians are examples of groups of
marine invertebrates that could be enticing to further
bioprospecting. Indeed, Ruder et al. (2013); Caruana et al. (2016);
Whitelaw et al. (2016) and Almeida et al. (2020) performed a
characterisation of the transcriptome or the proteome of
cephalopods, which revealed the production of toxins, making
this group of marine organisms particularly interesting.
Nevertheless, they highlighted the need for further studies
regarding cephalopods toxins and their function and targets.
More specifically, apart from the transcriptomic and proteomic
study of the slime produced by squid, Caruana et al. (2016) also
performed a bioassay with shrimp (Artemia salina) to assess its
toxicity. This is particularly noteworthy as in silico analyses only
predict bioreactivity and forecast outcomes, which must be
complement with further toxicity studies. While Ruder et al.
(2013) employed a phylogenetic and structure analyses on coleoid
venom components revealing interesting proteins, Whitelaw et al.
(2016) also tried to predict post-translation modifications in toxins
in the transcriptomic and proteomic study of the posterior salivary
glands of two octopus. As toxins are bioproducts that are
particularly interesting to be bioprospected, there is a direct
link between venomics and drug discovery. On the other hand,
Almeida et al. (2020) performed a cutting-edge shotgun proteomics
study of posterior salivary glands (PSG) in Octopus vulgaris as
the database used for the identification of peptides and proteins
was a composite, which included UniProtKB data, the translated
transcriptomes of PSG from cephalopods and antimicrobial
peptides. These authors showed the presence of putative
antimicrobial compounds, putative histones related with
inflammatory responses and putative toxins in these salivary
glands and raised the hypothesis of these substances integrate a
first line of the host defensive barrier against pathogens.
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A purely descriptive transcriptomic and proteomic study can also
facilitate unravelling novel peptides for biotechnological purposes,
namely within the domain of biomedicine (see for instance, Violette
et al, 2012, for a work in a cone snail). Likewise, Brinkman et al.
(2015) studied the transcriptome and proteome of a jellyfish and
stated that this could be used as basis for different applications, from
the search of novel bioactives in drug discovery to improve anti-
envenomation therapy. It is also worthy to mention that these authors
compared the venom profile of this species to other cnidarians. On the
other hand, some venomics studies profiled the transcriptome or the
proteome of marine invertebrate organisms without linking toxins to
their biotechnological potential, i.e., aiming at more descriptive and
ecological perspectives. Nevertheless, they are worthy of mention as
they are roadmap for organisms of interest. See for instance, von
Reumont et al. (2014) and Verdes et al. (2018) for further studies on
Polychaeta, Modica et al. (2015) and Bose et al., 2017 for research on
Gastropoda, von Reumont et al. (2020) for Nemertea and Macrander
et al. (2016), as well as Klompen et al. (2021), for Cnidaria. Another
example is Madio et al. (2017) work that integrated the proteomic data
obtained from the ‘milked” venom with the transcriptome of the
tentacles of a sea anemone, while using strategies that can be employed
to filter the data in order to reveal the proteins of interest. More
specifically, the authors performed homology-directed searches
against Tox-Prot and used the SignalP (Teufel et al., 2022) tool to
forecast secreted proteins by searching for a signal peptide, which is an
amino acid sequence that is characteristic of translocated or secreted
proteins and might be present in toxin precursors.

Among the works that used omics to investigate the adaptive value
of bioactives, Rodrigo et al. (2021a), through a combination between
transcriptomics and microscopy, classified the Polychaeta Eulalia as a
toxungen-secreting animal. Toxungens are toxins applied by surface
contact as opposed to ‘venomous’, which stands for venom-injecting
(see Nelsen et al., 2014, for disambiguation of terms). This work also
included alignment and phylogenetic analyses of venom components,
as well as a multigene phylogenic analysis performed using MrBayes 3
(Ronquist et al.,, 2012). Moreover, this same work also highlighted that
toxins could affect neuromuscular responses, hold anti-coagulant
action and promote permeabilisation of tissues, altogether serving as
a roadmap for proteins of interest that were studied in subsequent
works Rodrigo et al. (2021b); Rodrigo et al. (2022) and Rodrigo et al.
(2024). Finally, a word must be given to the combination of omics and
other endpoints, such as toxicity testing, not just as validation but also
to assist refining research. However, this strategy is not yet part of
mainstream approaches. For instance, D’Ambrosio et al. (2022)
showed that both annelids Glycera alba and Hediste diversicolor
secrete toxins with different purposes, namely predation and
defence, respectively, through toxicity testing onto marine bivalves
as a surrogate for realistic targets. These results steered research into
specific substances of interest in the transcriptomic study of these two
annelids (Moutinho Cabral et al., 2022). Another example is the work
of Magdy et al. (2023), where it was shown that the venom of Conus
flavidus is at least two-fold more cytotoxic to the HepG2 cancer cell
line than to a normal cell line. Joining this interesting work with the
analysis of the transcriptome and proteome of this species described in
Himaya et al. (2022) could lead to the identification of novel
candidates for drug discovery.
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3.3.3 Marine natural products translated into
drugs: approved or in clinical trials

There are marine toxins that have already been translated into
approved marine-based drugs, despite its number still being
disappointing (for dedicated reviews, the reader may refer to
Molinski et al., 2009; Martins et al., 2014 and Cappello and Nieri,
2021). A landmark in marine biotechnology was the approval of
Ziconotide for management of severe chronic pain (Williams et al.,
2008). This drug is a synthetic peptide of a conotoxin produced by
the cone-snail Conus magus (Olivera et al., 1987). Even though this
conotoxin was not discovered and described through an ‘omics’
study (nor could it in the late 1970s’), we may reasonably argue that
a larger number of peptides and proteins can be predicted or
identified using transcriptomics or proteomics beforehand.

Toxins are not, however, the only peptidic or protein-based
marine drugs already in the market. Brentuximab vedotin is an
example of an approved antibody-drug conjugate for the treatment
of lymphomas (Makita et al, 2020). This drug is derived from
dolastatin, a depsipeptide with antimitotic activity isolated from the
sea hare Dolabella auricolaria (Pettit et al., 1987; Bai et al.,, 1990).
Interestingly, some studies revealed that this molecule is the product of
a symbiotic cyanobacteria (Luesch et al, 2001). Another example,
Plitidepsin is an approved drug in the treatment of multiple myeloma
in Australia (see, for instance, Alonso-Alvarez et al., 2017), currently
under Phase III clinical trials for the treatment for COVID-19 (White
et al,, 2021). This cyclic depsipeptide is produced by the sea tunicate
Aplidium albicans (Urdiales et al., 1996).

Among other compounds based on or derived from marine
peptides and protein that are currently under clinical trials, we may
find dalazatide. This is a synthetic peptide derived from the toxin
ShK isolated from sun anemone Stichodactyla helianthus that
completed Phase I clinical trials and revealed promising results
for the treatment of autoimmune diseases (Castafieda et al., 1995;
Tarcha et al., 2017). We may also refer to the turripeptide ubi3a as
potential candidate for drug development. This peptide, which was
isolated from the gastropod Unedogemmula bisaya from the Central
Pacific Ocean, was found to be a promising neuromodulator as it
provoked tremors and an impaired locomotion on mice for a few
hours upon its intracranial injection (Omaga et al., 2017).

4 Conclusions

The oceans’ immense biodiversity is simultaneously an asset
and a challenge for biotechnologists. Protein-derived or inspired
natural bioactives, offer multiple advantages for the development of
novel drugs or safer pesticides and antifoulants since they can be
easily metabolised, synthetised and modified to maximise efficacy
and safety. Even though marine bioprospecting for novel
proteinaceous bioactives is far from systematised, there are
already approved drugs derived from proteins from marine
organisms, especially invertebrates, which illustrates an immense
potential for applied research. Despite the lack of standardisation,
which arguably results from the pioneering nature of most research
involving marine omics, recent research has been disclosing that
transcriptomics, proteomics and, moreover, their combination, can
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offer a cross-validated screening for novel proteins of interest.
Indeed, due to their unbiased disposition to assemble
transcriptomes and proteomes de novo, transcriptomics and
proteomics have been very successfully applied and develop to
face the challenges of handling with non-conventional models if not
almost obscure species altogether. The ability to merge biomedical-
directed databases in search for possible targets from the novel
proteins in the human interactome or druggable proteome can
greatly systematise marine bioprospecting for the purpose of drug
discovery and therapeutics. In addition, these omics can effectively
assist finding enzymes partaking in biosynthetic processes for
metabolites of interest, which is paramount, e.g., for industrial
scale-up using convenient microbiological models. Moreover,
even though proteinaceous biomaterials have not been the subject
of the present review, they also represent a promising target for
bioprospecting. Finally, it must not be neglected that transcriptomic
and proteomics can be employed to screen for bioactivity and
toxicity at the molecular level in selected organisms.
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