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1 Introduction

The marine environment represents an untapped reservoir of bioresources that play
an increasing role in the wellbeing of our societies as stated in the emerging field of
Blue Growth [1]. Several maritime countries have identified the potential of marine
bioresources for the development of their societies. Together with the exploration
of our oceans, the most lucrative application was soon identified as drug discovery
and the term “marine pharmacology” was used in the late 1960s [2]. At around the
same time, the term “bioprospecting,” also known as “biodiversity prospecting,” was
used to describe the exploration of natural resources in the search for biomolecules
of commercial value.

The term “biodiscovery” was only defined later in the early 2000s and used specif-
ically in Australia and New Zealand, where it replaced “bioprospecting,” as this term
was often associated with biopiracy. The creation of a biodiscovery act in 2004 in
Australia, Queensland, set the scene for a broader use of this term, especially, for
marine exploration. Investigations in this area quickly extended to other maritime
countries including but not limited to South Korea, Japan, Italy, Norway, Germany,
and the United Kingdom (Scotland). Significant academic national efforts in China,
the USA, and Europe, coupled with private initiatives like Pharmamar in Spain have
contributed to the collection of marine macro- and microorganisms from several
regions around the world. The main objective was to discover new and high-value
drugs from these organisms, with a special focus on anticancer agents [3—5]. Marine
biodiscovery has focused largely on marine invertebrates, but this has recently shifted
toward microorganisms that represent a much more diverse group, and thus opening
new avenues for biotechnology and an efficient producer of bioactive metabolites
[6].

Some lessons have been learnt from the early development of this field, and some
recent changes should prompt us to propose new directions in the field of marine
biodiscovery:

e the decreasing rate of discovery of new chemical entities among marine natural
products;

the decreasing number of taxonomists specializing in marine organisms;
climate change especially affecting the oceans;

accelerated loss in biodiversity;

increasing inequalities, especially for developing countries, which are often the
richest in terms of marine biodiversity; and

e the emergence of new pandemics in the context of public health.

In this contribution, we will detail the construction of a National Marine Biodis-
covery Laboratory in Ireland that has been developed, by considering some or all
of these changes. Key modifications have been applied to our first initiative to take
into account most of the abovementioned changes [7, 8]. First, the construction of
regional marine biomaterial repositories can mitigate some of these recent changes.
Then, the development of new technologies for the screening and dereplication of
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the biomaterials will also contribute to address some of the other issues. Finally, we
will propose some important changes that could make the term marine biodiscovery
more inclusive and central for the development of the three pillars of sustainability:
the blue economy, environmental challenges, and also social impacts.

2 Exploration of Marine Biodiversity and Establishing
Biomaterial Repositories

All key indicators point to an unequivocal global decline in biodiversity across
most terrestrial [9] and marine [10, 11] organisms. Anthropogenic activities, such
as over-population and habitat destruction, are the leading factors responsible for
this unprecedented loss of biodiversity. This is heightened further by unsustainable
resource use and climate change [12]. The overall negative trend in biodiversity
has gained momentum over the past few decades and is projected to continue in a
downward trajectory [13] in the absence of global intervention. Drastic changes in
current agricultural practices and fishing methods or ambitious conservation efforts
are urgently needed if humanity is to reverse current biodiversity trends by 2050 [9].
However, further mitigation strategies are also needed and will require innovative
solutions and synergistic efforts from industries, governments, and scientists.

Safeguarding against biodiversity loss goes beyond immediate conservation goals
and human benefit, but may also be important for tackling future climate-related
challenges [ 14—16]. Biodiversity consistently has represented a source of food, fertil-
izer, medicine, cosmetics, and textiles for human society. For example, traditional
medicine was integral to ancient societies and was used to treat various ailments
and disease [17, 18]. Interestingly, naturally inspired drugs remain important today
and have greatly benefitted from advances in natural product chemistry and drug
discovery, including from the marine environment [5].

Bioactive compounds originating from the ocean are opening new avenues for
the bioeconomy due to their unique structures and bioactivities. Similar to terrestrial
plants, marine macro- and especially microorganisms, have been shown to produce
highly diverse biomolecules usually absent in the terrestrial environment [19, 20].
However, despite several decades of exploration in marine biodiscovery, only a few
groups of interest are well studied, such as bacteria, fungi, sponges, tunicates, and
octocorals, and even fewer (Porifera, Chordata, Mollusca) account for marine-derived
or marine-inspired drugs available in the market today [21]. Interestingly, marine-
derived drugs have exponentially grown in the last 15 years, showing potential for
future research in this field. Although it may be possible to discover new compounds
with new applications from the same organism [22], or through the application of
new methods, exploration of novel biodiversity ecoregions or targeting non-model
organisms will more likely result in the discovery of new natural products.

Expanding chemical and biological screening efforts beyond model organisms,
however, will depend on access to a wide range of biodiversity samples that can be
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difficult, costly, and time consuming, especially for marine organisms [6]. Research
expeditions typically focus on specific groups of interest [23], and those investing in
wider sampling efforts are understandably confined to specific geographic regions.
The wealth of biodiversity samples collected during these costly research expedi-
tions are then retained in university-based or private biodiversity collections and are
only used to address specific research questions locally. Another major drawback of
one-off research expeditions is the possibility of overlooking transient or rare species
with potentially new chemical compounds. Taken together, and on considering addi-
tional limitations, such as stricter permit regulations, limited funding for exploratory
research missions, and a lack of research visibility, it is imperative that we rethink our
current approach for the collection, storage, and utilization of biodiversity samples
for marine biodiscovery.

2.1 Definitions and Examples

Biodiversity collections broadly encompass preserved, living, or digital biodiversity
collections and may focus on specific taxa or specific geographic regions and repre-
sent publicly accessible or private collections. Natural History Collections (NHC),
Biorepositories or Biobanks, and university-based or private collections exist within
the broad concept of biodiversity collections. Natural History Collections are prob-
ably the best-known example of a biodiversity collection and comprise preserved
collections such as those housed in herbariums and museums, and living collec-
tions such as botanical gardens, zoos, aquaria, and tissue/culture collections [24].
The recent emergence of digital repositories also adds to the broader concept of
NHCs and may be associated with physical specimens, e.g., NMNH Biorepository,
GBIF [25], and IDigBio [26], or based on observational data (e.g., INaturalist), and
may account for global inventories, e.g., GBIF, inventories for specific groups, e.g.,
AlgaeBase or The World Porifera Database or regional inventories (e.g., NIST). In
general, biodiversity collections have gained far more visibility from digitization,
reaching a much wider user base than previously imagined [15].

Historically, natural history collections, such as herbariums and museums,
primarily have housed “type specimens” and served as a record of both extant and
extinct biodiversity. However, associated specimen details have since been used to
address a broad range of biological, ecological, biogeography, and evolutionary ques-
tions [24]. It has also been used to assess changes in biodiversity patterns over time or
to detect and track invasive species [27]. Natural History Collections contain a wealth
of knowledge that has more recently been disseminated through public outreach and
educational programs [28]. However, the main purpose of NHCs remains the collec-
tion and storage of biodiversity specimens. Although voucher specimens may be
available on loan, access to such specimens is usually difficult and often require non-
invasive utilization of samples, which usually are not suitably preserved for applied
research such as genomic, biotechnological/bioprospecting, or biomedical research.
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Biorepositories essentially extend the function of NHCs and are involved mainly
in the collection, processing, storage, and distribution of biospecimens or derived
biomaterials for scientific research, with a large focus on applied research. Biorepos-
itories were developed over the last few decades in response to a rising demand for
high-quality samples for “-omic” sciences [29, 30]. Although the terms “biobanks”
and “biorepositories” are often used interchangeably, it is important to note that a
biobank is a type of biorepository. Biobanks were developed with a central focus
on human-derived samples and associated information for biomedical research [31].
There are numerous different types of biobanks, each designed for a specific applica-
tion, e.g., cancer or HIV/AIDS research and generally covering a broad geographic
range. Even though the term biobank is largely reserved for human-derived samples,
it also has been adopted for plant (seed banks), animal, microbial, and environmental
collections.

More commonly, however, plant, animal (excluding humans), or microbial
biospecimens and derived biomaterials are typically held in biorepositories and may
comprise preserved (e.g., NIST) or living collections (Roscoff Culture Collection).
Biorepositories either target a broad range of taxa from a specific geographic region
(e.g., GEC BioRepository) or habitat (e.g., MarBank), or focus on a particular group
(e.g., microorganisms: Rosscoff Culture Collection). More recently, there has been
a major focus on building marine genomic biorepositories, mostly in North and
Central America to ensure the preservation of biodiversity in the face of a rapidly
changing world. Examples of these include the GEC BioRepository in Guam, the
Ocean Genome Legacy Center, the NIST Biorepository, Genomic Biorepository of
Coastal Marine Species in Estero Padre Ramos and Estero Real, Nicaragua [32], the
Smithsonian, MarBank in Norway [33], and the NEON Biorepository at Arizona
State University. In all cases, biorepositories operate at a national level and cater to
specific research needs, e.g., genomic studies. Despite the huge benefits associated
with these biorepositories, in some cases, a lack of funding and support, especially
in developing countries, has limited their continuation [31].

2.2 Access and Benefit Sharing

Biodiversity is overwhelmingly concentrated in tropical regions of the world, which
also corresponds with the locations of many developing nations. Furthermore, the
marine environment of several maritime developing nations remains relatively unex-
plored. There is of course enormous potential for marine biodiversity and biodis-
covery research in these regions, as they often host a wide range of undocumented
taxonomic diversity, and hence an untapped source of potential new natural products
[6].

All coastal countries have sovereignty and exclusive access to marine resources
within 200 nautical miles of their coastline, regions referred to as their “Exclusive



6 M. M. Reddy et al.

Economic Zone.” Access and utilization of samples, particularly in coastal devel-
oping nations, raises an ethical concern for access and benefit sharing. The “Conven-
tion on Biological Diversity” later supplemented by the “Nagoya Protocol on Access
to Genetic Resources and the Fair and Equitable Sharing of Benefits Arising from
their Utilization” were drafted to address concerns regarding the misappropriation of
marine and other genetic resources. The resultant Nagoya Protocol was implemented
in 2014 and is a legally binding agreement signed by 128 member states as of 2020.
In cases where requirements for the “United Nations Convention on the Law of the
Sea” (350 nautical miles) and the Nagoya Protocol (250 nautical miles) overlap, both
conventions come into effect.

In summary, access and benefit sharing broadly encourage fair access and utiliza-
tion of resources between nations, with a strong focus on shared benefits among devel-
oping and developed nations. In addition to monetary benefits, non-monetary bene-
fits which may include traditional knowledge, research outputs, or building research
capacity and transferring technology within providing countries are also considered
[15]. Interestingly, Schindel and Cook [15] also discuss shared risks in addition to
shared benefits. There are two main but different aspects of the Nagoya Protocol,
which permits for (1) access and (2) utilization of samples [34]. Collection and access
to samples typically involve local partners and traditional knowledge and begin with
“Mutually Agreed Terms” negotiated between “providers” and “users.” It outlines
detailed access and benefit sharing, “Material Transfer Agreements,” and third-party
access granted for interested parties not originally involved in the mutually agreed
terms agreement. Material Transfer Agreements (MTAs) should be approached in
two phases, first, by agreement on research terms, and then, subsequent agreement
terms for commercialization. Material Transfer Agreements are required before users
request a “Prior Informed Consent” which is typically granted by competent author-
ities of individual member states, for example, the Ministry of Fisheries. It is the
joint responsibility of “providers” and “users” to ensure that all necessary domestic
permits are obtained, and national regulations respected. Additionally, coastal coun-
tries need to be informed of planned marine research activities 6 months in advance.
The resultant “Prior Informed Consent” is proof that resources were obtained legally
[35]. Although not yet widely implemented, correctly performed “Prior Informed
Consent” may become a requirement for scientific publication in the future [34].
Non-compliance with access and benefit sharing may result in fines or interruption
and even cessation of research and commercialization.

2.3 Field Identification and Taxonomy

A major challenge in collecting, characterizing, and utilizing biodiversity samples is
the identification of specimens. Species names are tags and as such contain important
biological, ecological, and evolutionary information. The accurate identification of
specimens is therefore fundamental to subsequent research but depends on available
taxonomic information and expertise. New species are defined (species delimitation)
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based on the available information and the application of available methods or tools
[36-38], and assigned names (nomenclature) following various naming conventions.
As aresult, taxa are commonly re-assigned to more appropriate groups as new infor-
mation becomes available. Species names and their classification are therefore in a
constant flux and continue to evolve, as do the species themselves.

It is important to remember that species identification and species characteriza-
tion are fundamentally different. Species are characterized based on shared traits or
similarity and identifiable by a set of diagnostic traits using different species concepts
as working hypotheses. The Morphological Species Concept, Reproductive Species
Concept, and more recently, the Evolutionary or Phylogenetic Species Concept are
among the most widely applied, each relying on different types of data and subject
to various advantages and limitations [39]. Most taxonomists today generally apply
a unified species concept. Different species concepts are still widely debated and this
has been referred to as “the species problem” by Ernest Mayr. This long-standing
debate reflects the notorious difficulty associated with certain species.

A broad spectrum of diagnostic traits is found commonly among individuals of
a single species and therefore species boundaries (species delimitation) needs to
be carefully considered. New species are discovered against this background and
are described when sufficient evidence supports their placement as distinct entities.
Although there are no rules in taxonomy, there are rules when naming (nomenclature)
a species. In recent years, there has been a strong move toward integrative taxonomy,
which is intended to reduce the subjectivity often involved with species delimitation.
For this approach, multiple lines of evidence, such as morphology/anatomy, ecolog-
ical/biological, DNA, and DNA-based algorithms, commonly are used more than a
single method. More recently, metabolomics, which provides a unique metabolic
fingerprint, has also been used as an additional line of evidence in integrative
taxonomy and has been successful in identifying taxonomic ambiguities [40, 41]
and defining species [42].

Taxonomy is fundamental in terms of subsequent species identification. However,
this may be challenging for a large majority of marine organisms as they often
represent understudied groups. Species identification may be even more challenging
when blurred species boundaries, such as overlapping diagnostic traits or cryptic
taxa, are encountered. The problem of proper species identification is hampered
further when field identifications are confused with species identification. Field
names are commonly assigned to taxa based on visual inspection of the overall gross
morphology and distinctiveness. However, field identifications based on morphology
can be misleading, and typically require further verification using microscopy or
DNA [43]. This is particularly true for sister species of structurally less complex
organisms, such as seaweeds or sponges, which superficially resemble one another.

Deoxyribonucleic acid barcoding was developed as a fast, cost-effective, and stan-
dardized method for species identification [44]. The cytochrome oxidase subunit I is
utilized commonly as the marker of choice for barcoding, but different DNA barcodes
or a set of DNA barcodes may be preferred for different groups. Reliable identifica-
tion based on DNA barcoding depends on comprehensive reference libraries against
which unknown specimens are identified based on similarity [45]. Although not
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intended for this purpose, DNA barcoding has also been used for species discovery.
It is important to remember that even though DNA barcoding may expedite the iden-
tification of new species, it does not replace alpha taxonomy and taxonomic expertise
that are essential for species descriptions.

Accurate identification of taxa is fundamental to marine biodiscovery/natural
product chemistry for several reasons [6]. First, it may be informative for prioritizing
taxa for marine biodiscovery, as similar taxa are known to produce similar chemical
analogs [46]. Accurate species identification is also critical at the early stages of drug
discovery, as recollections of species may be required for further testing. Although
chemical synthesis of products may limit the need for recollections thereafter, this
procedure cannot be used routinely to synthesize complex chemical structures [47]
of alginates for example. Last, misapplied names and hidden diversity could lead to
misleading species distributions and mask potentially interesting regions for marine
biodiscovery exploration.

In addition to accurate identification of taxa, fully understanding the biology and
ecology of species is also important for marine biodiscovery and natural product
chemistry. While shared common metabolic pathways can be a more significant
predictor at higher order phylogenetic ranks, habitat or ecological diversity are
believed to evoke certain secondary metabolic pathways and account for similar
bioactivity among similar genera or species [19].

2.4 The Irish Marine Biomaterial Repository

The Irish coast extends for roughly 3,000 km, bounded by the Irish Sea to the east and
the north-east Atlantic Ocean to the west. This dynamic coastline is richly diverse
in marine life and has a long history of marine exploitation with seaweed utiliza-
tion dating back to the Middle Ages. However, the exploitation and use of marine
resources have remained largely unchanged since then, despite enormous potential
applications.

The Irish Marine Biomaterial Repository (IMBR) has been developed recently,
with the aim of bridging the gap between research, industry, and conservation. The
central tenet of the biorepository is to provide a focal point for shared bioresources.
The IMBR focuses on, but is not limited to, the collection, processing, storage,
and distribution of coastal macro-marine organisms with a main priority on the
preparation of chromatographic fractions ready to be used for biological and chemical
screening. Itis organized according to a data management plan centered around a web
database that allow the recording and tracking of all the data present in the IMBR
[48]. Voucher specimens associated with subsamples for DNA, microscopy, and
biomass are prepared following best practices [31] (Fig. 1). Careful characterization
of morphological, genetic, and chemical profiles are generated as a baseline for future
comparison purposes.

The IMBR endeavors to provide accurate species identification from a combined
morphological and DNA approach by working with taxonomic experts, especially
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Biomaterial repository

Overview

Mandatory . Optional

fi1isig
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microscopy .

Fig. 1 The Irish Marine Biomaterial Repository (IMBR)

when cryptic taxa are encountered. Proper taxonomic identification of species may
also reveal related organisms of interest and will aid in prioritizing taxa for marine
biodiscovery. The need for accurate species identification is crucial to all research
and is particularly important for marine biodiscovery research, as a growing body of
evidence suggests that different species may produce structurally different bioactive
compounds with different applications [22]. However, as mentioned earlier, accurate
identification depends on the available taxonomic information, which is often poorly
documented for the large majority of marine organisms, particularly in understudied
regions. For this reason, voucher specimens will remain permanently in the collection
and will be revised continually to reflect updated taxonomic changes. All specimens
will also be associated with a DNA barcode that will facilitate the process and may be
used as a unique identifier until taxonomic research on specific groups is carried out.
This will avoid the waiting time for species to be described as new, which may take
a few decades in some cases [49]. Taxonomic changes will be made and communi-
cated with end-users of the IMBR. All available specimens and associated metadata,
including in situ and field photographs, are available online in a standardized and
open access format. Future developments such as providing access of subsamples to
interested users (researchers or the industry) for further study remain to be developed,
as does testing the viability of chromatographic fractions or extracts of organisms
for long-term storage. Although some challenges and additional future work remain,
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this pilot-scale project offers enormous opportunities for future development when
applied to different regions of the world.

2.5 Challenges and Opportunities for Biorepositories

In terms of the cost and benefit of biorepositories, itis recognized that establishing and
maintaining a biorepository will require initial capital investment (facilities), capacity
(staff), and time (curation). However, investing in these costs today may yield better
returns for the future and could mean a trade-off between costly research expeditions
and maintaining redundant collections. Below, are discussed important benefits that
the authors believe marine biorepositories provide, and hence may further justify the
costs and risks associated with maintaining such biodiversity collections.

Marine biorepositories, such as the IMBR initiative, are intended to foster collab-
oration between research sectors (academia, industries) that would otherwise work
in isolation or in parallel. For academic researchers, access to a broad range of
samples may be highly beneficial for students and postdoctoral fellows working on
time-limited projects, which require extensive spatial and temporal comparisons.
As a result, it may also lead to achieving broader study aims or guide a better
study design. Furthermore, linking data (DNA, morphology, chemistry) originating
from a single specimen will promote robust and accurate results, especially consid-
ering the rampant misidentification of specimens and the misapplication of species
names. Another major benefit of marine biorepositories is extending the longevity
and value of samples beyond immediate study goals. Specimen donations from
previous projects or from private or university-based biodiversity collections are
at risk of being lost when researchers relocate or retire. These collections could
add to a growing and comprehensive knowledge base and promote easy access to
samples and wider availability of associated information if donated to open access
biorepositories.

2.5.1 Working with Natural History Collections

Biorepositories should be viewed as being auxiliary rather than a substitute for
natural history collections, as each biodiversity collection functions with different
but complementary goals. For example, long-term or baseline data from natural
history collections may be supplemented with new collections from biorepositories.
In some instances, natural history collections have recognized the changing needs of
modern-day research, including host museum-based biorepositories, e.g., the Smith-
sonian [30]. Clearly, similar efforts will benefit greatly natural history collections
at large, but these are unlikely to be achieved for many natural history collections
due to escalating challenges related to limited funding and lack of personnel. Given
the complementary functions of natural history collections and biorepositories, it is
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believed that it could be mutually beneficial for these facilities to work together for
shared funding, expertise, and facilities.

The value of natural history collections and biorepositories has received consider-
able attention recently in the light of emerging infectious diseases. Holistic sampling
is the collection of either host and parasite collections, or extended specimen details,
which are among the eminent changes needed for the next generation of biodiver-
sity collections [15]. This, complemented with a range of chromatographic fractions
ready-to-be tested against new infectious diseases, could prevent or alleviate the
damaging social and economic losses incurred by infectious diseases such as the
current COVID-19 pandemic. However, these chemical and biological libraries can
also be used to resolve other biodiversity-related issues. The impact of plastic pollu-
tion is well documented in the literature, but far fewer studies propose solutions to
this growing problem. The utilization and convenience of single-use products is so
pervasive today that changing the mindset of society may take time. However, finding
alternative natural sources to plastics, such as biopolymers, could be an effective
intermediate solution until drastic paradigm shifts in societal attitudes occur.

2.5.2 Biodiscovery and Conservation

If biodiversity is required as a source of biomolecules to cope with future challenges,
then intuitively our future initiatives should be developed with sustainability in mind.
In the short term, this could be achieved by targeting species with high biomasses and
not at risk of extinction or species amenable to aquaculture (see the species prior-
itization list below). Wild-harvested species with commercial applications should
also be coupled with monitoring and environmental impact assessments. Identifying
regions of high biodiversity and potential application could also be used to advise
in marine-protected areas for planning purposes and to encourage the integration of
such data from biodiscovery. Planning in marine-protected areas will therefore not
only consider environmental and social sustainability goals but also include economic
sustainability.

2.5.3 Addressing Social Challenges

Bioproperty and shared derived benefits from bioresources remain a major concern
today. At present, marine biodiscovery may be carried out with little to no involve-
ment by participants from the providing member states where the samples are
collected, typically in developing nations. This is understandable as the availability
of facilities and expertise are largely concentrated in the developed world. However,
more rudimentary stages of marine biodiscovery that involve less technical equip-
ment and requirements should focus on building local capacities. For example, estab-
lishing and maintaining marine biorepositories could have a strong social impact on
developing nations. This has the potential to build and support research capacity and
add value to resources. Other future directions may include developing “green” and
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sustainable extraction processes in-state using renewable and accessible resources,
thereby diversifying the use of resources rather than depending on a single resource.
It is also needed to focus on more diverse applications of the biomolecules, such
as exploring alternatives for current animal feed that is often protein fit for human
consumption, or tackling other food security issues even though this may be less
potentially profitable than drug discovery.

In a changing world, scientific research may be propelled into new and unpre-
dictable directions. As biorepositories extend the function of natural history collec-
tions, new research methods may require new preservation methods or sample
requirements. Biodiversity collections therefore need to be dynamic and able to
meet the ever-changing needs of research and development. The combination of
this approach with new tools in drug discovery described below has the potential to
address many of the new challenges of our present century.

3 New Chemical Entities from Marine Bioresources

The identification of new bioactive chemicals from marine organisms traditionally
has been conducted through the use of conventional biological screening, liquid chro-
matographic separation, and nuclear magnetic resonance (NMR) structural elucida-
tion. However, over the last two decades, the development of highly sensitive robotic
hyphenated methods has led to alternate approaches to marine natural product isola-
tion. This has increased significantly the ability to produce large libraries of extracts
and chromatographic fractions, as well as chemically and biologically screen a large
number of samples so as to focus on the directed isolation of new natural products.
Therefore, the contemporary marine biodiscovery workflow typically now includes
an initial chemical analysis and dereplication stage utilizing these modern tech-
niques. These methods are usually coupled with updated natural product databases
and calculated chemical data, so that specimens can be prioritized rapidly for the
isolation of new natural products.

These modern methods can be further utilized for the fast and semi-automated
isolation and structural elucidation of compounds. Additionally, the significant
increase in resolution and the sensitivity of traditional methods has led to a greater
ability to characterize new molecules using extremely low nanomolar quantities.
These modern procedures have had a significant impact on the field of marine natural
products research over the last 20 years, leading to a substantial increase in the number
of marine natural products reported in the scientific literature each year.

This section will cover the typical contemporary workflow employed by marine
natural product chemists, starting from the use of samples present in a marine
biorepository to the identification of a bioactive molecule, focusing mainly on new
developments. This includes chemical screening and dereplication stages, biological
screening, and the isolation and identification of natural products.
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3.1 Chemical Screening: Dereplication

With over 35,000 marine natural products isolated, it has now become standard prac-
tice in marine natural products chemistry to use high-throughput chemical screening
and dereplication methods to prioritize isolation from unknown specimens. Normally,
it is preferable to screen chemically and biologically fractionated extracts, as more
complex crude extracts may confound screening results [50]. While the use of frac-
tions can provide better screening efficiency, this greatly increases the quantity of
samples that need to be evaluated. However, more recent high-throughput technology
has allowed for the development of methods that can be used to screen thousands of
samples.

Configuration
DFT calculation & modelling
Synthesis

Automated solvent

Lead Marine

Classical methods ; extraction
MR Compound Organism
R COSY —
L= HSOC

; : % e Automated SPE and
:E‘gg . J —— : w HPLE fractionation

Automated methods

T Bilogca Hyphenated Techniques oo
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Fig. 2 The marine biodiscovery workflow from a biomaterial repository to the isolation of bioac-
tive compounds. This process includes five major steps including extraction and fractionation,
chemical screening and dereplication, biological screening, purification, and finally, structure
elucidation. This schematic highlights the most important modern methods that increase the effi-
ciency and outcomes of this process. Abbreviations: DFT (Density Functional Theory); NMR
(Nuclear Magnetic Resonance), COSY (COrrelation SpectroscopY), HSQC (Heteronuclear single
quantum coherence), HMBC (Heteronuclear Multiple Bond Correlation); HRMS (High Resolution
Mass Spectroscopy); SPE (Solid Phase Extraction); HPLC (High Performance Liquid Chromatog-
raphy); SEC (Size Exclusion Chromatography); CCC (CounterCurrent Chromatography); UHPLC
(Ultra High Performance Liquid Chromatography); MS (Mass Spectroscopy); GNPS (Global
Natural Product Social Molecular Networking); SMART (Small Molecule Accurate Recognition
Technology); DNP (Dictionary of Natural Products).
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Over the last two decades, a number of new hyphenated methods have become
highly popular for the dereplication of known natural products. The standard combi-
nation is an analytical chromatographic separation procedure coupled with an analyt-
ical detector. These methods include high-performance liquid chromatography-MS,
high-performance liquid chromatography-evaporative light scattering detection, and
high-performance liquid chromatography-NMR spectroscopy. These results then
are compared to dedicated databases containing chemical data from known natural
products (Fig. 2).

3.1.1 Chemical Structure Databases

The process of dereplication can be defined as the identification of already known
natural products through the comparison of experimental data with pre-existing
analytical information. Therefore, over the last 20 years, publicly available databases
have been developed that contain continuously updated lists of known natural prod-
ucts as well as analytical data related to each compound. Many of these databases
are now being designed specifically for dereplication purposes to contain appropriate
search tools including structural and analytical data searches, as well as bioactivity
and taxonomy searches. The latter is extremely important in marine natural product
chemistry as the efficiency of dereplication can be improved substantially if the
taxonomy of a given marine organism is known. While a number of general chem-
ical databases are available, more recently, more specialized marine natural product
databases have been developed.

A number of common chemical and natural product databases are typically used in
marine natural products for dereplication. General chemical databases (synthetic and
natural molecules) typically used for this purpose include SciFinder [51], PubChem
[52], ChemSpider [53], ChEBI [54], ChEMBL [55], and REAXYS [56]. These
databases all contain comprehensive records of new chemical entities that can be
inspected readily using structural data and search terms. While these databases all
contain broad levels of data, the search results obtained can often be confusing due
to the number of synthetic products also included. As such, a number of databases
specific for natural products have been developed, including the “Dictionary of
Natural Products” (DNP) [57], among others [58]. The “Dictionary of Natural Prod-
ucts,” in particular, is regarded widely as the most comprehensive database of natural
products, and in addition to structural and keyword based searches, it also offers
researchers an ability to search for marine natural products based on biological
activity and taxonomy.

However, with over 300,000 reported natural products thus far, more specialized
databases are becoming ever more common in marine natural product chemistry
[59]. These databases include Antimarin, MarinLit [60], ATLAS [61], CyanoMet
[62], and StreptomeDB [62]. The latter three databases have been designed specif-
ically for microbial natural products and contain information regarding the gene
sequences of some species. However, for the last two decades, the database that
has become most popular within marine natural products chemistry is the MarinLit
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database. MarinLit was established in the 1970s by Professors John Blunt and Murray
Munro to specifically record marine-derived natural products. Today, it is hosted by
the Royal Society of Chemistry and contains >35,000 compounds. This database
has become very popular among marine natural product chemists due to its unique
tailored searches. These are separated into searches for compounds (structure, NMR
chemical shift data, exact mass, molecular formula, or UV), taxonomy (phyla through
to species), prior literature, and geographic location. A comprehensive compilation
of all these data make this an important tool for modern marine natural product
dereplication methods.

3.1.2 Analytical Separation Methods

Over the last 20 years, liquid chromatography-based separation techniques have
become the most frequently used for the screening of marine extracts and fractions.
Typically, these methods include the use of high-performance liquid chromatography,
though this has begun to change in recent years with the introduction of the more effi-
cient ultra-high-performance liquid chromatography (UHPLC). This method utilizes
higher pressure systems (up to 1200 bar) with lower diameter, smaller particle size
columns to allow separations with rapid run times and high resolution [64]. This is
performed typically using reversed-phase columns, which are more appropriate for
dealing with the polarity of most drug-like bioactive marine natural products [65].
Currently, it is becoming common for laboratories to include in-house dereplication
databases that can also incorporate retention times of metabolites for the specific
systems used.

Other common separation methods for the isolation of marine products include
size-exclusion chromatography, countercurrent chromatography, and capillary elec-
trophoresis. These additional methods are useful typically when separating highly
polar materials due the high quantity of ocean salts in marine extracts that can hinder
chemical analysis.

3.1.3 Mass Spectrometric Screening

Undoubtedly, mass spectroscopy (MS) has become the most highly utilized detec-
tion method in marine biodiscovery over the last two decades, due to the signifi-
cant improvement in both resolution and sensitivity of modern time-of-flight spec-
trometers (ToF) and the development of newer mass spectrometers (e.g., Orbi-
trap™) [66]. Mass spectrometric data allow researchers to determine unequivocally
the molecular formula of natural products even at nanomolar concentration levels.
Furthermore, the ability to fragment metabolites through tandem mass spectroscopy
(MS/MS) with no additional time involvement has made this method of chemical
screening vastly popular. Additionally, with a wide variety of commercial ionization
methods, including ESI (Electrospray Ionization), FAB (Fast Atom Bombardment),
APCI (Atmospheric-Pressure Chemical Ionization), DESI (Desorption Electrospray
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Ionization), and MALDI (Matrix-Assisted Laser Desorption Ionization), users now
have the ability to obtain greater sensitivity for a wider range of different biological
samples. Ionization methods such as DESI and MALDI allow the direct MS detec-
tion on solid samples of marine organisms without the need for extraction and other
preparation processes [67, 68].

Mass spectrometric data usually can then be evaluated with the molecular
databases described above to identify rapidly known compounds and can provide
the exact mass and molecular formula. However, more recently, new resources
have become available to allow for the automated dereplication of MS/MS data.
Most notably, for marine biodiscovery, is the recent development of the Global
Natural Products Social molecular networking resource (GNPS) [69]. This resource
contains MS/MS databases populated and curated by the natural products commu-
nity and allows for the visualization of clusters of structurally similar natural prod-
ucts. The software compares the experimental data to the database and returns frag-
mentation similarities between two molecules. Furthermore, it is becoming more
common in marine biodiscovery to use the feature-based molecular networking tool
for dereplicated metabolites and to identify potential new analogs [70]. While this
is a useful tool for dereplication, some aspects of this approach can be highly labo-
rious if conducting large-scale chemical screening. However, the GNPS feature-
based molecular networking procedure has been widely adopted by the marine
natural products community, with there being a rising number of marine natural
products reported each year utilizing this tool [71]. Some recent examples of new
natural products identified through molecular networking include lamellarin sulfates
from the ascidian Didemnum ternerratum [72], microcolin lipopeptides from the
cyanobacterium Moorea producens [73], and new chlorinated polyketides from a
Smenospongia sp. sponge [74].

Other new MS/MS dereplication methods include the use of in silico fragmenta-
tion algorithms so that experimental fragmentation can be compared to computation-
ally calculated fragmentation patterns of molecules matching the exact mass. These
in silico packages include but are not limited to CFM-ID [75], MetFrag [76], and
CSI:FingerID [77]. These can be highly useful resources, as a majority of published
natural products do not have MS/MS data reported. These packages can be utilized to
produce in silico fragmented assemblies of compounds and marine natural products
to be compared to experimental data. Additionally, the use of moiety and pharma-
cophore in silico fragmentation has been employed for identified substructures within
a molecule to target subsequently bioactive metabolites using MS/MS [78].

A primary limitation of MS methods is that the data obtained are not able to
be used to confidently assign the definite structure of a natural product, especially
for regio- and stereoisomers. Another limitation of MS is the ionization efficiency
of natural products for detection. While a number of useful ionization methods are
commercially available, issues can still arise from molecules that cannot be easily
ionized or that form a plethora of different adduct ions that may complicate the
analysis. Problems can also arise from highly instable compounds that can readily
fragment with low ionization energies, hindering the identification of the exact mass
of a given molecule.
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3.1.4 Nuclear Magnetic Resonance Spectroscopic Screening

While mass spectroscopy has become highly popular due to its easy use in hyphen-
ated setups, Nuclear Magnetic Resonance (NMR) spectroscopy provides far supe-
rior data for organic compound structural determination. For example, where MS
cannot, NMR spectroscopy can be used to identify the different isomers from a
change in the chemical shifts. Furthermore, the non-destructive nature of NMR spec-
troscopy is a major benefit over other dereplication methods, especially due to the low
quantities of material typically available in marine natural product studies. Nuclear
magnetic resonance spectroscopy has only recently become a more commonly used
dereplication method, as a result of the recent developments in NMR spectroscopy
automation including auto-sampling and auto-acquisition. 'H NMR experiments are
rapid experiments and can be used to quickly obtain proton chemical shift data.
However, due to the complex mixtures of compounds in marine natural product
screening, overlapping signals with just a one-dimensional NMR experiment can
hinder a dereplication process. With the increase in resolution and sensitivity of
modern high-field NMR instruments, it has become more common to use rapid
two-dimensional experiments including COSY (Correlation Spectroscopy), DOSY
(Diffusion Ordered Spectroscopy), HSQC (Heteronuclear Single Quantum Correla-
tion), and TOCSY (Total Correlation Spectroscopy) for chemical screening [79, 80].
This allows overlapping signals in one-dimensional NMR data to be identified and
assigned. More recently, other NMR experiments have been designed to address these
issues including the use of hyphenated NMR procedures. Modern hyphenated NMR
techniques that have been described for the identification of marine natural products
include high-performance liquid chromatography-NMR [81] and high-performance
liquid chromatography-solid-phase-extraction (SPE)-NMR [82]. These methods can
be used for the acquisition of NMR spectra using small amounts of crude mate-
rial. Such hyphenated methods have been used previously for the identification of
a number of known natural products from marine organisms including sponges,
brown alga, and red alga [81, 83, 84]. An example of the importance of HPLC-NMR
is the isolation of plocamenone and iso-plocamenone from the red alga, Plocamium
angustum [83]. The NMR detection method was highly important as the use of other
methods would have not allowed the discrimination of these isomers.

As NMR data has been an essential requirement for the publication of new
molecules, since the late 1980s, a considerable amount of NMR data is available
for known natural products. Therefore, a direct comparison of published and exper-
imental data can be used to confidently identify known structures. A number of
databases including MarinLit and DEREP-NP [85] are utilized in marine biodis-
covery to allow searches of chemical shifts and NMR features, respectively, for
rapid dereplication work. The most recent NMR dereplication resource is the SMART
NMR database [80]. This resource offers an automated dereplication through compar-
ison of an experimental HSQC spectrum with the SMART database. The first
compound to be reported following the use of the SMART dereplication was symplo-
colide A, a maritime natural product from the marine cyanobacteria Symploca sp.
[86].
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The current limitations of NMR spectroscopy are due primarily to the cost of
buying and running this equipment. Costs associated with the preparation of samples
for analysis are also typically expensive in requiring special glassware and deuterated
solvents. Also, for an exact match between two sets of experimental data, NMR
experiments must sometimes be conducted in the same solvent and in some cases
at the same pH. This can make the selection of a solvent for screening mixtures of
natural products complicated when weighing up the solubility and data availability.

3.1.5 Molecular Genomics Screening

With the development of new cheaper and faster DNA sequencing methods, it has
become much more efficient to sequence and identify biosynthetic gene clusters.
This, therefore, has become a useful tool for the identification of biosynthetic genes
encoding for the production of natural products. The sequencing and analysis of these
“biosynthetic gene clusters” can reveal a range of information including the precursor
metabolites, the biosynthetic intermediates, and also the structure of the metabolites
present. For this reason, researchers have begun to investigate this approach as a
potential dereplication tool. The genomic investigation of organisms for the propo-
sition of new natural products has been coined “genome mining” [87, 88]. This
method is now becoming a more standard approach among groups with a strong
focus on microbial-derived products. With the significant rise in marine microor-
ganism natural products being discovered, this has become more popular in marine
biodiscovery in recent years.

A number of new databases currently are used in marine biodiscovery for the
rapid identification of biosynthetic gene cluster sequences. These include the MIBiG
repository [89], the taxon-specific Prospect (fungal genes) [90], and ActDES (Acti-
nomycetes genes) [91] databases as well as the computationally predicted gene
databases antiSMASH [92] and IMG-ABC [93]. After identification of biosynthetic
genes, it is then necessary to identify the structures or structural features for which
these genes encode, to dereplicate natural products. With recent developments in
machine learning, tools have been developed to use the identified genes to predict
chemical structures. These tools include PRISM [94], SBSPKS v3 [95], and Adenyl-
Pred [96] for the chemical structure prediction of predominately polyketides and
nonribosomal peptides. Currently, a number of these tools have been tailored towards
bacterial metabolites and gene sequences, although with the recent focus in marine
biodiscovery on the isolation of fungal natural products, it is highly likely that there
will be a shift towards fungal biosynthetic genes in the coming years [21].

There are some pitfalls to the use of genome mining that need to be addressed.
The first issue is that this method is, currently, mainly applicable for the identifi-
cation of polyketide and nonribosomal peptide sequences. This limits the use of
genome mining for marine natural products due to the significant number of unique
marine-derived terpene, alkaloid, and polyaromatic metabolites. Additionally, the
structures of these natural products cannot be identified based solely on the genomic
data. Unknown genetic transformations or spontaneous reactions of a natural product
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may not be predicted confidently as the molecule encoded by the genes may not
match the final product. Another limitation is that a number of natural products are
produced by multiple organisms and that some moieties may be incorporated into a
molecule through an organism’s diet [97, 98]. While this method will likely improve
in the future, currently, there is still a need for this genomic approach to be used in
conjunction with chemical methods to confirm molecular structures.

3.2 Biological Screening

Over the past 60 years, marine organisms have been a rich source of unique bioactive
compounds with activities including antitumor, antibacterial, antifungal, antiinflam-
matory, antiviral, antiparasitic, and antioxidant activities, useful for a broad range of
applications, but mainly for drug discovery. High-throughput screening methods of
the twenty-first century have transformed the field of drug discovery from marine
sources. The use of methods utilizing high-throughput automated liquid handlers,
plate readers, and 384/1,534-well assay plates have increased throughput to a point
where thousands of marine samples can be screened over a few days. Traditional
assay methods utilize in vivo whole organisms and in vitro organism-derived cell
lines. The screening of natural product extracts in cell line assays can often lead to
non-specific hits and false positives that typically are not advantageous for develop-
ment as lead compounds. However, more recently, bioassays have shifted to more
specific phenotypic cellular function assays and protein/receptor binding assays [99].
These highly specialized assays can be useful for the identification of target specific
compounds that may then be classified as lead compounds.

Cell line models are still the most common biological assays used for screening
marine natural product extracts. This is due to the primary targets for drug discovery
being traditionally antitumor and antimicrobial compounds. Cell-based assays have
been used significantly in cancer research due to the availability of tumor cell lines.
Similarly, microbial cell cultures are very common and can be screened with relative
ease. Furthermore, a number of other more specific phenotypic genetically modified
cell lines have become common when screening for antiinflammatory, antiviral, and
antiparasitic activities. Cellular assays are very common due to their development
as high-throughput assays in microwell plates with robotic liquid handlers. A major
problem with cell-based assays is that they often use established and immortalized
cell lines that are vastly different from cells of in vivo systems [100]. However,
typically this is a trade-off that is made to achieve higher throughput results.

Biological assays in marine biodiscovery are shifting slowly from these in vitro
cell assays to more specific cell-free protein biochemical assays [99]. With a goal of
obtaining natural products with more specific activity, target-based receptor binding
assays have become more common primarily due to their increased specificity. Addi-
tionally, these offer the ability for multiple different methods of analysis so that not
only drug targets can be identified but also diagnostic tools. An enzyme substrate
can be used to identify if the activity is inhibited, and fluorescent dyes can be used
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to bind to the protein—ligand complex, and more recently, in marine biodiscovery,
native MS can be used to identify protein—ligand complexes [101, 102]. In particular,
the protein—ligand native MS assay has been of interest in marine biodiscovery due
to its ability to obtain the MS data for unknown active compounds allowing a mass-
guided purification as opposed to a bioassay-guided study. However, these assays
further trade cellular mechanisms and similarities to in vivo systems, to achieve
higher throughput, higher specificity, and often false results.

Bioassay-guided purification is probably the most widely utilized method when
conducting natural product drug discovery projects. This process is very appealing
as the bioactivity at each purification step can target only bioactive components.
However, difficulties can include inactivity due to false positives [103]. This is a
common occurrence, especially when starting with crude extracts instead of less
complex fractions. The use of more modern receptor binding assays led to some
success for complex mixtures of natural products in overcoming this issue [100].
As such, receptor binding assays have become more common for bioassay-guided
purification of active samples [101]. These methods are also advantageous due to the
microscale of the assays in requiring smaller quantities of material. However, due to
the common possibility of false positives when screening marine organism extracts,
it is becoming more common to rely less on the biological screening results and more
on chemical data. Furthermore, methods that integrate the chemical screening with
biological screening can help in the identification of false results and also point to
potential molecules within fractions that may be responsible for activity [104, 105].
We suggest that the use of both target-based receptor binding assays and chemical
screening on marine fractions followed by cell-based and in vivo models would be
the most beneficial process.

3.3 Ireland’s National Marine Biodiscovery Approach

In Ireland, a major focus of the National Marine Biodiscovery Laboratory is the
large-scale chemical screening and dereplication of known metabolites, and targeting
unknown metabolite identification. This dereplication method utilizes a library of
fractions produced through the organic extraction and fractionation using reversed-
phase solid-phase extraction and storage in the biomaterial repository described
above. These fractions are then subjected to chemical screening using two hyphen-
ated methods; UHPLC-MS/MS for dereplication using the MarinLit database and
the GNPS molecular networking tool as discussed above, as well as UHPLC-ELSD
(evaporative light-scattering detection) to identify relative quantities of compounds
within a sample for prioritization. This screening is performed utilizing the same
ultra-high-performance liquid chromatography methods and columns so that the MS
data and ELSD data can be compared. This ELSD dataset is important, as a large
proportion of peaks that are identified using MS data are typically compounds that
are strongly ionized and are present at low nano- and picogram quantities. This can
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be problematic if samples containing new natural products obtained in quantities too
low for isolation are prioritized. The ELSD data allows researchers to identify the
relative quantity of material available in an extract so that time is not wasted purifying
samples that will not yield compounds that can be analyzed by NMR spectroscopy.
Additionally, if only a small amount of biomass is available, this can be prioritized
for recollection so that minor compounds of interest can be isolated. On the other
hand, compounds that display high quantities of natural products in the ELSD but do
not display ions in the MS/MS can be prioritized for alternative methods of screening
such as NMR analysis.

This dereplication method was used successfully to identify known bisindole
alkaloids from the sponge Spongosorites calcicola and also identify two minor
unknown brominated metabolites, the calcicamides, for isolation [106]. The feature-
based molecular networking using GNPS was also used for the identification of a
new family of highly branched thiolane derivatives, the nebulosins, from the marine
annelid Eupolymnia nebulosa. The screening displayed three clusters of unknown
natural products that constituted the major metabolites of this annelid [107].

While both types of analysis use high-throughput autosamplers, this method can be
improved in the future through the addition of a splitter unit between the UHPLC and
detectors to obtain results in a single run. It would also be advantageous to integrate
the ELSD data with feature-based molecular networking to better understand clusters
and the production of natural products.

In terms of bioassays, the choice was made in Ireland to outsource the necessary
biological screening, for several reasons:

expertise in pharmacology is usually required to develop robust bioassays;

e biological screening is more efficient when using expensive automated robots;
automatic robots require maintenance and dedicated space as usually available in
companies; and

® asnew targets appear, it would not be possible to embrace the full range of potential
bioactivities targeted.

Our group therefore established a collaboration with Fundacion Medina in Spain,
leaders in Europe in the biological screening of metabolites of natural origin,
especially for rapid antimicrobial and cytotoxicity assessments.

3.4 Prioritization Strategies

Due to the high number of samples present in collections or biorepositories, a prior-
itization strategy is a key component of a successful process in marine biodiscovery.
When thousands of samples are present in collections, a decision has to be made about
where to start, and the biological assay should not be the only criterion taken into
account. We decided to develop a prioritization strategy on each targeted bioassay
(application) based on weights and scores assigned for (Fig. 3):
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Fig. 3 Prioritization strategy for marine biodiscovery

e the availability of the sample (biomass in Nature);

e new metabolites following chemical screening (dereplication) but also new
species following taxonomy;

e case of purification using chemical profiling; and

¢ biological activities evident.

The use of prioritization is very flexible, and the weights applied will depend
on the main question addressed. Importantly, this strategy can only be based on the
discovery of new species and chemical entities for the construction of repositories and
advances of knowledge. In this case, the weight of novelty and chemical profile should
be the highest. For more commercial applications, several options can be envisaged.
Indeed, for a company working on the production of low-value products, the most
important will be the availability of the resource and therefore the abundance (wild
or cultured) will have the highest weight. Conversely, for a pharmaceutical company,
the novelty and the bioactivity will have the highest weights. In the case of the IMBR,
we gave very similar weights to the four different factors, as our main goal was to
find bioactive natural products from a diverse range of species and that were easy to
purify for metabolites (chemical profile).

At this point, it is important to extend the concept of marine biodiscovery beyond
drug discovery. This high risk and long-term research question should not only corre-
spond to one aspect of marine biodiscovery. Short-term applications of the extracts or



Marine Biodiscovery in a Changing World 23

fractions as fertilizers or other agricultural application would contribute significantly
to the blue economy. Applications requiring large biomass of the marine resource
will be assigned the highest weights for prioritization.

This strategy has streamlined the selection of promising species for the identifi-
cation of new bioactive marine natural products.

3.5 Natural Product Chemistry

The purification and structural elucidation of marine natural products is the most
time-consuming and expensive process of the marine biodiscovery pipeline. A large
biomass is needed for isolation of active metabolite at a level that can facilitate
the subsequent structure elucidation procedure. The presence of a highly potent
minor metabolite in trace amounts can further complicate the isolation and struc-
ture determination process. However, recent technological advancements and the
availability of higher field NMR spectrometers now mean that even natural products
available in only sub-milligram quantities can be isolated and identified. This also
means that smaller quantities of biomass (<10 g) can also undergo purification. These
are especially important developments for marine biodiscovery for species obtained
with a natural low biomass. Typically, the isolation and structure elucidation of
marine natural products utilizes similar methodologies to terrestrial compounds, but
with a fractionation process using a reversed-phase material such as vacuum-liquid
chromatography.

3.5.1 Purification of Marine Natural Products

The complex and unique nature of marine organism extracts can make the isolation of
the associated natural products difficult and highly time consuming. Moreover, most
chemists consider the purification of natural products to be the most arduous part of
the marine natural products pipeline. Therefore, samples are prioritized using their
chemical and biological screening results, so that only the specimens that contain
unknown metabolites and exhibit bioactivity undergo this laborious process. As
unknown compounds are the target of most natural product isolations, there is no set
procedure for purification and often multiple different subsequent methods must be
used. However, the chemical profile and dereplication data obtained should aid in the
selection of isolation methods. A usual purification process follows a process of large-
scale, low-pressure fractionation, followed by subsequent small-scale, high-pressure
HPLC separations of these fractions.

These large-scale fractionation methods include solid-phase extraction, vacuum-
liquid chromatography, column chromatography, and liquid-liquid partitioning.
These methods can utilize a variety of solid phases depending on the targeted
molecules including a reversed phase (polar to non-polar molecules), normal phase
(non-polar molecules), ion-exchange resins (ionic molecules), and size-exclusion
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gels (polymers and water-soluble molecules). The primary aim of this first large-
scale step in marine biodiscovery is to separate the secondary metabolites of interest
from the bulk primary metabolites and ocean salts.

Subsequent smaller scale steps usually include higher resolution separation
methods including column chromatography, thin-layer chromatography, high-
performance liquid chromatography (HPLC), size-exclusion chromatography, and
countercurrent chromatography. The primary aim of the high-resolution purification
step is to obtain pure natural products of interest for chemical characterization. In
marine natural product chemistry, preparative high-performance liquid chromatog-
raphy utilizing a reversed phase (typically C;s or phenyl bonded silica) is the most
common and possibly the most useful method for isolating secondary metabolites.

Most modern preparative high-performance liquid chromatography systems are
connected in series with a UV or a diode array detector to identify compounds
eluting from the column and also a fraction collector for automated sample collection.
Additionally, a number of new technologies for an increase in speed and automa-
tion of purification are now being incorporated into marine biodiscovery workflows.
These include active high-performance liquid chromatography splitters in conjunc-
tion with other detectors (MS, ELSD) that can be used to purify compounds without
a UV chromophore. Stop-flow high-performance liquid chromatography-NMR can
be used to acquire sets of NMR data on compounds throughout a high-performance
liquid chromatography purification [81], while peak-detecting fraction collectors that
automatically collect compounds as they are detected eluting from the column are
available.

While the processes used in marine biodiscovery closely match terrestrial
methods, the difficulties inherent can differ slightly. Two main difficulties that may
occur during the purification of marine extracts are the isolation of water-soluble
small molecules, as the separation of these molecules from salts can often be diffi-
cult [108], and that marine natural products can be unstable and contain extremely
labile functional groups (sulfates, polyenes).

3.5.2 Structure Elucidation

The most significant technological improvement in natural products chemistry has
been the development of two-dimensional NMR spectroscopic experiments from the
mid-1970s to mid-1980s. With the invention of 2D-NMR experiments, the time to
elucidate structures of compounds decreased from years to days, and the quantity of
product required decreased from hundreds of milligrams to just a few milligrams.
Now, with modern NMR spectrometers, 2D-NMR data can be acquired on sub-
milligram quantities of molecules. However, since the development of 2D-NMR
pulse sequences, little has changed in the approach to determining the planar structure
of marine natural products. Typically, planar structural elucidation is still performed
through manual interpretation of '"H NMR, '*C NMR, COSY, HSQC, and HMBC
data as well as the exact mass of a molecule. While NMR spectroscopy made the
assignment of the planar structure “relatively” straight forward, the complete stereo
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chemical assignments of marine natural products is still a challenging task. Tradition-
ally, relative configurational assignments have been made through the use of coupling
constants and nuclear Overhauser effect NMR experiments. In turn, absolute config-
urational assignments have been conducted using degradation and derivatization
procedures, and X-ray crystallography. With the exception of NMR experiments,
these methods often require quite large quantities of isolated compounds and can
often be destructive to the sample.

More recently, a number of new computational tools have become more widely
utilized for the structural assignment of marine natural products. These include
computer-assisted structure elucidation and quantum chemical calculation of chirop-
tical properties and NMR spectra. In a large number of circumstances, a compound
structural assignment using NMR spectroscopy is relatively straight forward, but
there are instances when NMR assignments can be complicated, usually when a
molecule has a low H:C ratio. In these situations, either the use of computer-assisted
structure elucidation to generate a structure or the calculation of NMR spectrometric
parameters to support structures are useful methods. Computer-assisted structure
elucidation tools typically generate a number of different structures and give each
structure a relative probability [109]. Common computer-assisted structure elucida-
tion tools include ACD Structure Elucidator, Bruker CMC-se, and MNova Structure
Elucidation. Currently, only a limited number of published marine natural prod-
ucts report the use of computer-assisted structure elucidation steps in their structural
determination. However, assignments made using Gauge independent atomic orbital
calculated NMR has become a popular method in marine natural products to support
structural assignments [110].

Over the last 10 years, there has been a considerable shift in the methods used
for configurational assignments in marine natural products. More recently, the use of
time-dependent density functional theory for predicted electronic circular dichroism
and Gauge independent atomic orbital NMR has dominated such assignments [111].
These time-dependent density functional theory methods have become popular in
marine biodiscovery as a result of advancements in high performance computation
early in the twenty-first century. These methods facilitate the reliable and fast predic-
tion of both chiroptical properties (electronic circular dichroism, vibrational circular
dichroism, and optical rotation) for absolute configuration and NMR for relative
configuration [112]. The predicted data can be compared to experimental data on
sub-milligrams of compounds to allow structural assignments. Statistical approaches
including DP4 and its upgrades have become commonly used in marine biodis-
covery for the calculation of a relative configuration with calculated NMR shifts
or coupling constants [113-115]. A new tool, DP4-Al, recently has become avail-
able and combines both the automated computer-assisted structure elucidation 2D
structure elucidation and NMR predicted relative configuration [116]. This method
merging computer-assisted structure elucidation and DP4 is a significant improve-
ment that is likely to make automated marine natural products assignment to the
point of relative configuration more common.

One other technique that has recently been developed and has so far been exclu-
sively used for marine natural products structural elucidation is the crystalline sponge
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X-ray crystallographic method [117]. This method allows X-ray crystallography to
be performed on non-crystalline compounds by allowing them to form a complex
with a host crystal. This method so far has been used to identify the structure of
nanogram amounts of several red algal terpenoids. The limitations of this method
are that only non-polar compounds can be absorbed by current crystals in non-polar
solvents such as hexane. However, this procedure offers great promise for a new and
robust method of absolute structural elucidation on sub-milligrams of sample.

3.5.3 Bioactive Natural Products from Irish Waters

During the last 5 years, the application of the workflow for marine biodiscovery in
Ireland has led to a number of interesting compounds and five main publications
(Fig. 4).

The first original aromatic urea derivatives were isolated from the intertidal lichen
Lichina pygmaea [118]. Still in the intertidal area of the western coast of Ireland, the
chemical study of the marine worm Eupolymnia nebulosa led to the discovery of an
entire family of sulfur-containing metabolites [107]. These discoveries demonstrate
the potential of overlooked marine organisms for marine biodiscovery that has been
often restricted to sponges or tunicates. Then, the chemical studies of the subtidal
sponges Clathria strepsitoxa and Spongosorites calcicola provided some interesting

5 families of natural products from Irish waters
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Fig. 4 Main families of natural products identified from Irish waters using the newly developed
marine biodiscovery workflow
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bioactive alkaloids [105, 119]. Finally, in the context of a program dedicated to
the exploration of a deep-sea hotspot of bio- and chemodiversity, a new family of
characellides was identified from the sponge Chracella pachastrelloides [120].

4 Concluding Remarks

Throughout this chapter, we have highlighted the importance of the construction
of marine biomaterial repositories, especially in regions of the world with high
marine biodiscovery potential, i.e., maritime developing nations. A number of advan-
tages associated with the establishment and maintenance of such facilities have been
detailed above. We believe that the Irish Marine Biomaterial Repository (MBR),
which recently has been developed, can serve as an example for developing nations to
follow, using best practices and data management systems already implemented over
the past 5 years at the IMBR. A marine biomaterial repository requires a minimum
investment from local authorities and can provide the following benefits:

® a marine biorepository represents the biological and chemical patrimony present
in local species over time, and may be used to track changes in species distributions
due to global change;

e it will contribute to building capacity in developing countries, especially in
research areas such as taxonomy, where specialists are lacking;

e actions are available to quickly assess the potential of local marine bioresources
against emerging pathogens or targets (e.g., SARS-COVID-2);

e it will provide new opportunities in the field of the blue economy for local commu-
nities through intellectual property associated with the genetic material stored;
and

e it may also provide job opportunities and capacity building through training and
technology transfer in member states or developing maritime nations.

Overall, the approach developed above contributes to the three pillars of
sustainability as outlined below (Fig. 5).

The environmental impact of developing local marine biorepositories may be
envisioned to be positive overall, as vouchers will be stored and processed at local
facilities. Furthermore, local scientists will be consulted when access to samples is
required and will be kept up-to-date on research and development being performed
on local marine bioresources. Changes in the distribution of some species could lead
to their protection by local and also international agencies. As only small quantities
of samples are required for chemical and biological screening, local populations are
not likely to be affected by initial bioprospecting collections. Subsequent collections
of larger biomasses, however, will need to be carefully monitored by local author-
ities and communities so as to prevent population declines and possible extinction.
It is important to include all the marine diversity present in the different coastal
habitats, and not only focus on common groups such as sponges or tunicates. Some
annelids or mollusks can also be promising in the marine biodiscovery workflow.
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?-

Blue economy

Fig. 5 A sustainable marine biodiscovery approach

Finally, the possible economic value associated with some bioactive species has the
potential to influence decision makers with regard to marine spatial planning and the
establishment of special areas of conservation.

The presence of voucher specimens hosted by local entities ensures not only a
positive social impact through capacity building and training of young scientists, but
also interactions with worldwide experts and developing taxonomic skills in different
groups of marine organisms. Members of the younger generation will have a better
understanding of their rich marine biodiversity. On the other hand, the presence
of chemical ensembles and regulations on access and benefit sharing could provide
some positive economic inputs to the communities. Indeed, economic benefits will be
shared between the industrial companies and the local communities through royalties
on the licenses of the new biomolecules developed.

Finally, this type of marine organism organization will clearly contribute positively
to the blue economy. The biomaterials produced are easily available for screening and
the discovery of new applications is clearly accelerated. We recommend that marine
biodiscovery should be more inclusive and cover both biological and biochemical
discovery. The repositories should also integrate the large array of species available
in an ecoregion and not only the most emblematic species like corals, sponges, and
seaweeds. The future of marine biodiscovery will be bright if researchers in the field
start building capacities in all regions of the world. The global trends that led us
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from invertebrates to microbes and now a large investment in the seaweeds can be
dangerous if a strong foundation is not built for the next generation of researchers.
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