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Abstract

Marine natural products have long been fundamental to modern drug discovery,
particularly due to the exceptional structural diversity and potent
pharmacological profiles of marine metabolites. The advent of genomics,
transcriptomics, proteomics, and metabolomics—collectively known as omics
technologies—have transformed the investigation of marine natural products
by enabling rapid dereplication, accurate biosynthetic pathway elucidation, and
efficient identification of bioactive compounds. This review discusses the
contribution of marine-derived metabolites to contemporary drug discovery,
highlighting their anticancer, antimicrobial, antiviral, and anti-inflammatory
potential. Particular focus is placed on integrative omics tools, including
genome mining, Global Natural Products Social Molecular Networking
(GNPS), and multi-omics strategies that streamline isolation, structural
elucidation, and bioactivity-guided research. Case studies from the Red Sea and
African waters further illustrate the critical role of marine natural products in
advancing regional and global biomedical innovation.

Keywords: marine natural products; omics technologies; drug discovery; metabolonics;
genomre mining; bioactive metabolites; biomedical innovation

Introduction

Natural products remain among the most prolific sources of therapeutic
agents, with nearly half of all approved drugs originating directly or
indirectly from natural sources such as plants, microbes, and marine
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organisms (Banday et al., 2024; Newman & Cragg, 2020). Marine
ecosystems, in particular, are now recognised as exceptional reservoirs of
structurally unique and biologically potent metabolites (Carroll et al.,
2022; Jayawardena et al., 2025; Tan, 2023). Occupying over 70% of the
Earth’s surface, the oceans host diverse organisms that have evolved
under extreme conditions of salinity, pressure, and ecological
competition. These selective pressures drive the production of distinctive
chemical defenses in sponges, corals, tunicates, algae, and marine
microorganisms, yielding metabolites with scaffolds and pharmacological
features rarely observed in terrestrial species (Bharathi & ILee, 2024;
Guryanova & Ovchinnikova, 2025; Leal et al.; 2012; Tan, 2023).

Several marine-derived pharmaceuticals, including trabectedin,
brentuximab vedotin, and plocabulin, have reached clinical application,
illustrating the translational promise of this chemical space (Atanasov et
al., 2021; Cappello & Nieri, 2021; De Sanctis et al., 2022; Mayer et al.,
2010). Despite this success, research on marine natural products (MNPs)
continues to face challenges related to low natural abundance,
sustainability concerns, and structural complexity (Banday et al., 2024;
Gaudéncio et al., 2023; Gaudéncio & Pereira, 2015; Shen et al., 2022).
Moreover, conventional isolation approaches are labor-intensive and
frequently lead to the rediscovery of known metabolites.

The advent of omics technologies—including genomics,
transcriptomics, proteomics, and metabolomics—has transformed this
landscape (Aborode et al., 2022; Baysoy et al., 2023; Mudadla et al., 2024;
Sahana etal., 2025; Satrio et al., 2024). These tools provide insights into
biosynthetic gene clusters, facilitate dereplication of known metabolites,
and reveal cryptic compounds that remain silent under standard culture
conditions (Gaudéncio et al., 2023; Hur et al., 2023; Sheikh et al., 2025;
van Der Hooft et al., 2020). Integrative multi-omics strategies, coupled
with computational approaches such as molecular networking and
genome mining, are now linking genes to molecules, greatly accelerating
compound discovery (Albarano et al., 2020; Joshi et al., 2024; Liu &
Zhang, 2024; Sadybekov & Katritch, 2023; Wang et al., 2010).

Recent work demonstrates how these methodologies enable high-
throughput dereplication, pathway elucidation, and prioritisation of
bioactive metabolites (Dasi-Delgado et al., 2025; Gaudéncio et al., 2023;
Kaur et al., 2025; Liao et al., 2025). Incorporating artificial intelligence
(AD) and machine learning (ML) into omics workflows further enhances
predictive capacity, improving both metabolite annotation and drug-
target interaction modelling (Ali, 2023; Jamalabadi, 2025; Kim et al., 2021;
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Kumar & Sadashiva, 2025). Collectively, these advances are expanding the
known chemical and pharmacological space while streamlining the
translation of marine metabolites into biomedical applications.

This review summarizes current progress in marine natural product
research within the omics era, focusing on integrative strategies that
facilitate isolation, structural elucidation, and drug discovery. Emphasis is
placed on anticancer, antimicrobial, antiviral, and anti-inflammatory
applications, with case studies from the Red Sea and African coastal
waters highlighting the promise of underexplored regions. By
synthesizing these developments, we underline the central role of omics-
driven research in unlocking the biomedical potential of marine natural
products and advancing translational innovation.

Marine Natural Products — Historical and Biomedical Significance

Marine ecosystems rank among the most chemically diverse
environments on Earth. The structural originality and potent bioactivities
of marine natural products (MNPs) have drawn extensive scientific and
pharmaceutical attention for more than half a century. Since the
discovery of the first marine-derived metabolite, spongothymidine, from
a Caribbean sponge in the 1950s, marine organisms have continued to
yield unique molecular scaffolds that have inspired several successful
drugs and clinical leads (Holland, 2022; Mayer et al., 2010; Newman &
Cragg, 2020; Raymond & Rakotondraibe, 2025).

Historical contributions to drug discovery

Numerous marine-derived compounds or their synthetic analogues have
achieved clinical approval, underscoring the translational potential of this
field:

e Cytarabine (Ara-C) — derived from spongothymidine and approved in
1969 for leukemia and lymphoma.

e Trabectedin (Yondelis®) — isolated from the tunicate Ecteinascidia
turbinata, used in the treatment of soft tissue sarcoma and ovatian
cancet.

e Ziconotide (Prialt®) — a synthetic analogue of a cone snail peptide,
serving as a potent analgesic for severe chronic pain.

e Brentuximab vedotin (Adcetris®) — an antibody—drug conjugate
employing a dolastatin-10 derivative as a cytotoxic payload for
Hodgkin’s lymphoma.
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e  Eribulin mesylate (Halaven®) — a synthetic analogue of halichondrin

B from the sponge Halichondria okadai, approved for metastatic breast

cancet.

These examples demonstrate that marine metabolites often provide
pharmacophores beyond the reach of traditional synthetic chemistry
(Atanasov etal., 2021; Carroll et al., 2022; Servillera et al., 2025; Zhao et
al., 2023).

In addition to these approved drugs (Table 1), several marine-derived
candidates are under clinical investigation across oncology, pain
management, and antiviral research. Collectively, they highlight the
continuing evolution of marine natural products from discovery to

clinical application (Banday et al., 2024; Carroll et al., 2022; Newman &

Cragg, 2020).

Drug Natural Therapeutic Clinical Mechanism of | Reference
(Year Approved) | Source Class Indication Action
Cytarabine (Am- Cryptotethya erypla Antimetabolite Acute  myeloid | Inhibits DNA (Mayer et al.
C, 1969) (sponge, precutsor (nucleoside leukemia, polymerase, blocks 2010) >
> spongothymidine) analogue) lymphoma DNA synthesis
¥ E Antiviral E S

Vidarabine (Ara- . Herpes  simplex, | Inhibits viral DNA | (Mayeretal,
A, 1976) Cpe iy gtz (zs:llce);lj)e varicella-zoster polymerase 2010)
Trabectedin o E Binds DNA minor
(Yondelis®, 2007 Edzz.ﬂamdza : Alkaloid Soft tssue sarcoma, —— i m—— (Newman &
EU/ 2015 US) turbinata (tunicate) ovarian cancer e i Cragg, 2020)
Eribulin mesyhte SyntheFlc ana!ogue Microtubule Metastatic breast Inhibits mlcr_otubule (Crrmze
(Halaven®, of Halidhondrin B P ; growth, induces

dynamics inhibitor | cancer, liposarcoma . Pezzuto, 2015)
2010) (sponge) apoptosis
Brentuximab Syn.the_tlc Hodgkin’s . S
vedotin deniiive of Antibody—drug lymphoma, Dellvers  omilini (Whitesell &
(Adcetris®, hDangIgZZz Ze(;ltgsea conjugate (ADC) anaplastic large cell g:ﬂl:[AE) tto CIDEDr Minton, 1987)
2011) P lymphoma

anriolaria)

Plitidepsin . . Induces oxidative
(Aplidin®, 2018 fﬁﬁféﬁ )“/b""’“ Cyclic depsipeptide | Multiple myeloma | stress, inhibits E\S;g:}?a&zozl)
EU) eEF1A2 i
ozl AIDIC wiitin NIVIAE Diffuse large B-cel [ Delivers MMAE to | Becketal.,
vedotin (dolastatin ADC lymphoma CD79b+ B-cells 2017
(Polivy®,2019) | derivative) ymp
Enfortumab E .
adlsiiim ADC with MMAE ADC Crothell s o, ggf;)k el
(Padcev®, 2019) carcinoma clivers
Belantamab ith MMAF
mafodotin éleC ‘tm? ADC Relapsed /refractory | Targets BCMA, | (Lonialetal,
(Blenrep®, 2020 de‘iijast?ve;‘ multiple myeloma | inducesapoptosis 2020)
EU/US)
Tisorumab Targets tissue facoor, | (Boganietal
vedotin ADC with MMAE ADC Cervical cancer ATgErs ssuc Hactor, ogantetat,
(Tivdak®, 2021) delivers MMAE 2023)

Table 1. Selected approved marine-derived drugs and their clinical
indications

Biomedical relevance of marine natural products

Marine-derived metabolites are characterised by several unique features
that distinguish them from terrestrial counterparts:
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*  Exceptional structural diversity: they encompass polyketides, peptides,
terpenoids, alkaloids, and hybrid scaffolds that are seldom encountered
in land-based organisms (Carroll et al., 2022; Leal et al., 2012; Martinez
et al, 2025).

* High biological potency: many exhibit activity at nanomolar or
picomolar concentrations, reflecting remarkable pharmacological
strength (Efimova & Ostroumova, 2023; Newman & Cragg, 2020).

*  Broad therapeutic potential: marine compounds display anticancer,
antiviral (including activity against HIV, herpes, and SARS-CoV-2),
antibacterial (notably against resistant strains such as MRSA), ant-
inflaimmatory, immunomodulatory, and neuroprotective effects
(Atanasov et al., 2021; El-Saadony et al., 2025; Mayer et al., 2010).

Beyond the clinically approved drugs, numerous marine metabolites are
progressing through preclinical and clinical development (Banday et al.,
2024; Carroll et al., 2022). Marine-inspired pharmacophores also
continue to influence rational drug design and synthetic optimisation in
medicinal chemistry (Fernandez et al., 2024; Newman & Cragg, 2020).

Significant discoveries have emerged from African and Red Sea
ecosystems, which remain underrepresented in global drug discovery
pipelines (Abd El Hafez et al., 2025; El-Seedi et al., 2025). Soft corals
such as Sarcophyton trocheliophorum, Litophyton arboreum, Sinularia
polydactyla, and Nephthea spp. have yielded cytotoxic sesquiterpenoids,
diterpenes, and steroidal derivatives active against breast, liver, and
leukemia cell lines (Eissa et al., 2025; M. Han et al., 2024; Yan et al.,
2023; Yang et al., 2022). Likewise, Red Sea sponges including Stylissa
carteri and Haliclona spp. have produced peptides and alkaloids with
notable antimicrobial and anticancer potential (Rahman et al., 2024,
Strashnova et al., 2024). Despite these promising findings, most
compounds remain at eatly pharmacological stages, underscoring the
need for omics-driven approaches to prioritize leads and elucidate
mechanisms of action.

Omics Technologies in Marine Natural Product Research

Over the past decade, omics-based technologies have transformed
strategies for discovering marine natural products (MNPs). Genomics,
transcriptomics, proteomics, and metabolomics enable rapid, high-
throughput assessment of biosynthetic potential, regulatory mechanisms,
and chemical diversity, facilitating targeted discovery, dereplication, and
identification of otherwise cryptic metabolites. Integrative omics
workflows that merge bioinformatics, mass spectrometry, and
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experimental biology now directly link genes to molecules, accelerating
the identification and development of promising bioactive leads
(Atanasov etal., 2021; Lauritano et al., 2019; Roychowdhury et al., 2023;
Vitorino, 2024; Q. Zhou et al., 2021). An overview of the integrated
omics pipeline employed in modern marine natural product discovery is
presented in Figure 1.

Figure 1. Integrative Omics Pipeline for Marine Natural Product Discovery

Metabolomics and Global Natural Products Social Molecular
Networking (GNPS)

Untargeted LC-MS/MS metabolomics generates chemical fingerprints of
extracts and fractions. Global Natural Products Social Molecular
Networking (GNPS) and Feature-Based Molecular Networking (FBMN)
visualise MS/MS datasets as networks of related spectra, facilitating
dereplication, annotation transfer, and discovery of analogue series or
novel scaffolds. FBMN further incorporates chromatographic data,
improving quantitation and distinguishing coeluting isomers (Gaudéncio
et al.,, 2023; Leao et al., 2021; Nothias et al., 2020; Zhang et al., 2023).

Applications:

e Dereplication: rapidly identify known compounds to prioritize novel
nodes.

e Analogue discovery: detect clusters of related molecules indicating
natural-product families or modification series.

¢ Linking chemistry to biology: integrate MS-based features with
bioactivity data to prioritize active nodes (Schmid et al., 2021; Selegato et

al, 2023).
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Best practices:

e Acquite high-quality MS/MS (DDA or DIA) and apply robust pre-
processing (e.g., MZmine, MS-DIAL).

e Deposit spectra in public libraries and use spectral matching plus in
silico tools (SIRIUS, MS2ZLDA) for structural hypotheses (Leao et al,
2021; Russo et al,, 2024; Schmid et al., 2021).

Pilot studies from the Red Sea and African coasts illustrate the power of
omics-guided workflows in underexplored ecosystems (Puntin et al.,
2022; Tenchov & Zhou, 2025). LC-MS/MS metabolomics combined
with GNPS has revealed diverse terpene- and peptide-rich clusters from
Red Sea soft corals (Litophyton, Sarcophyton) and sponge-associated
microbiomes, enabling rapid dereplication and uncovering potentially
novel scaffolds (Churakova, 2020; Farag et al., 2024; Hegazi et al., 2022).
Concurrently, genome-mining of African marine actinomycetes and
sponge-associated bacteria has identified NRPS and PKS BGCs with
uncharacterized chemistry, highlichting the untapped potential of these
regions (Hemmerling & Piel, 2022; Lotti, 2024; Mhlongo, 2021). Together,
these studies demonstrate that integrating metabolomics, genome

mining, and Al-assisted annotation can accelerate natural product
discovery in Africa and the Red Sea (Ali et al., 2024; Liao et al., 2025).

Integrative multi-omics and computational linking

Combining genomics, transcriptomics/proteomics, and MS-based
metabolomics enables gene-to-molecule mapping. Methods include
correlation-based linking, genome-enabled dereplication, and in silico
prediction (e.g., PRISM, NP. searcher). Metabologenomics, linking
BGCs with GNPS networks, has guided heterologous production and
metabolite assignment (Cano-Prieto et al., 2024; Louwen et al., 2023;
Nothias et al., 2020; Skinnider et al., 2020).

Computational tools, databases and pipelines

e antiSMASH / antiSMASH database (BGC detection and annotation)
(K. Blin et al., 2023; Kai Blin et al., 2023; Blin et al., 2025).

e PRISM (structure prediction from genomic data) (Shaikovski et al.,
2024; Skinnider et al., 2020).

e GNPS / FBMN (MS/MS molecular networking and community
spectral libraries) (David et al., 2025; Nothias et al., 2020).

o SIRIUS, MS2LDA, MZmine, MS-DIAL (MS data processing and in-
silico annotation) (David et al., 2025; Leao et al., 2021; Rutz et al., 2025).
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o Public databases: MIBiG (characterized BGCs), aniSMASH DB,
GNPDPS libraries, NPAtlas (Kai Blin et al., 2023; Wackett, 2018; Zhang et

al.,, 2024; Zhu et al., 2025).

Table 2. Representative omics-driven approachesin marine natural
product discovery

Omics Tool/Platform Marine source Highlighted outcome Reference
approach organism
Salinishora trobica Identification of
Genome minin antiSMASH, (mariri,o P salinosporamide biosynthetic | (Udwary et
& | PRISM . gene cluster; guided discovery | al., 2007)
actinomycete) T
of proteasome inhibitor.
Mari Discovery and dereplication of
. GNPS molecular e . novel metabolites; accelerated | (Kleigrewe
Metabolomics . cyanobactetia Lo .
networking prioritisation of bioactive | etal., 2015)
and sponges
compounds
RNA-Seq + co- Sponge Theonella | Elucidation of symbiont role (Wilson et
Transcriptomics | expression swinhoei (with in biosynthesis of al 28?4
analysis symbionts) polytheonamides. ” )
3 5 Integrated omics 3 ; 5
Muld-omics pipeline (genome | Salinispora DISFOYCry of-nov-el r1famygn (Duncan et
(genome + 3 . derivatives via biosynthetic—
mining + arenicola ; 5 al., 2015)
metabolome) . metabolite correlation.
metabolomics)
. Characterisation of enzyme
Proteomics MS—based- e clusters linked to lyngbyatoxin (oG
proteomics Moorea producens bi 5 2017)
iosynthesis.

Integration pipelines ofien consist of:

Typical omics integration pipelines involve:

1. Sequence assembly — BGC detection (aniSMASH/PRISM).

2. LC-MS/MS acquisition — preprocessing (MZmine/ MS-DIAL) —
FBMN (GNPS).
3. Correlation and in silico linking (Metabologenomics) to propose

gene-to-molecule relationships (Harper et al., 2024; Selegato et al.,
2023; Skinnider et al., 2020).

Representative applications are summarised in Table 2, while Table 3 lists
selected marine-derived compounds in advanced preclinical or clinical
stages.  Clinical development data were cross-checked via
ClinicalTrials.gov, recent pharmaceutical reports (2023-2025), and peer-
reviewed reviews. Key updates include.

e Plitidepsin (Aplidin®): Advanced clinical evaluation for multiple
myeloma; investigator-led studies explore antiviral and anticancer
potential (Papapanou et al,, 2021).
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e Plocabulin (PM060184): Phase I/catly Phase II trials, including

combinations

with gemcitabine

for

(Mohammad H Ghalib et al,, 2024).
e PMO00104 (Zalypsis®): Phase I1/1I trials ongoing for Ewing sarcoma,
urothelial carcinoma, and other malignancies (Qin Zhou et al.,, 2021).
e Marizomib (Salinosporamide A / NPI-0052): Phase I trials
continue for glioma, multiple myeloma, and CNS tumours (Kusaczuk
et al,, 2025b).

e Tetrodotoxin (TTX): Phase II/III studies for chemotherapy-induced
neuropathic pain and cancer-associated pain, with updates through
2023-2024 (Antoniazzi et al., 2024; Szallasi, 2024; Zhou et al.,, 2025).

advanced

solid tumours

These concise updates provide an evidence-based view of ongoing
marine-derived clinical development.

Table 3. Selected marine-derived candidates in clinical development (2023-2025)

Candidate

ad Clinical phase Devel /
Gits Source / origin (latest public Indication(s) cveloper Key notes & sources
name / ) Sponsor
code)
Phase m Multhle myeloma; .
. . investigated for Phase 1III trial reports
Cyclic advanced  trials COVID-19 q dat
. . ) . . - and company updates;
Plltldepsln deSlpE:ptlde( (B o (hospitalised PharmaMar trial data for COVID-
(Aplidin®) from  tunicate | regulatory .
Aplidinm albicans activit 2024 moderate  cases) 19 and oncology trials
P 2025 ¥ and other (Landete et al., 2024).
malignancies
First-in-human Phase 1
Microtubul blished; t Ph:
inlfi{:?t ur e Phase I — Phase | Advanced/solid fu s rzbi:e;elrll t:el
Plocabulin ot Anai from il activities | tumours (various), | PharmaMar / ( loE:bulina © i
(PM060184; g1 Y (ongoing studies | combinations with | Pharma P .o
marine  sponge Py gemcitabine) and
Plo) . . reported  2022— | gemcitabine collaborators .
(Lithoplocamia 2004 lored ongoing  development
spp.) ) explore (Elez et al., 2019; M. H.
Ghalib et al., 2024).
Marine-derived Ewing  sarcoma, Multiple Phase I/II
alkylating agent | Phase II | urothelial studies and PK trials
PMO0104 (synthetic (historical ~ and | carcinoma, PharmaMar / | reported; ongoing
(Zalypsis®) derivative ongoing multiple myeloma, [ ZeClinics investigator-led ~ Phase
P inspired by | investigator endometrial/cervic | (investigators) 1I reports (Mattin et al.,
marine  natural | trials) al cancer (various 2013; Petek & Jones,
product) trials) 2014).
Evaluated in multiple
Phase I / eatly Phase I trials; continued
) ) Proteasome ) . Nereus . X .
Marizomib L phase trials | Multiple myeloma, . clinical investigation for
inhibitor  from . . . Pharmaceutic
éNl.PI—OOSZ; matine (olngomg/ rept;‘p glioma (br}@:m als / ENS ltur.nours and
alinospora e osing studies | tumours),  other SsspeE ematologic
mide A) Selbfpm e through ~ 2024— | malignancies de developers malignancies (Kusaczuk
? 2025) P et al., 2025a; Potts ct al.,
2011).
Randomised Phase
Phase II — | Chemotherapy- WEX 1I/2B and Phase 2b/3
Tetrodotoxi | Marine Phase III | induced Pharmaceutic | trials for chemotherapy-
n neurotoxin (neuropathic / | neuropathic pain, | als / | induced neuropathic
(Halneuron (puffer fish or | cancer pain: | cancer pain, other | Dogwood pain and cancer pain;
® / TTX) purified TTX) ongoing trials | neuropathic pain | (development active development and
2022—-2025) conditions partners) presentations 2023—
2024.
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Selected case studies and examples

1. Molecular networking reveals analogue families: FBMN enables
discovery of analogue series in marine extracts, prioritizing novel nodes
for isolation and structural characterisation (Bracegirdle, 2023; Leao et
al,, 2021; Nothias et al., 2020).

2. Genome mining in marine fungi and bacteria: PKS/NRPS clusters
in marine fungi and actinomycetes guide discovery of new polyketides
and peptides, illustrating BGC-led prioritisation (C. Han et al.,, 2024,
Ibrahim et al., 2025).

3. Metabologenomics linking: Integration of antiSMASH/PRISM with
GNPS links genomic loci to MS clusters, enabling heterologous
expression and pathway validation (Nothias et al., 2020; Sheikh et al.,
2025; Skinnider et al., 2020).

Despite global expansion, studies from Africa and the Red Sea remain
underrepresented. Pilot LC-MS/MS metabolomics and molecular
networking on Red Sea soft corals demonstrate potential for novel
metabolites, but comprehensive genome mining is still limited.
Expanding omics resources in African marine ecosystems could
accelerate bioactive compound discovery.

Integrative Approaches for Drug Discovery

The structural complexity of marine natural products demands
workflows combining classical isolation with omics and computational
tools, improving discovery efficiency (Atanasov et al., 2021; Newman &
Cragg, 2020; Sadybekov & Katritch, 2023). For example, combining
metabolomics with bioassay-guided screening links GNPS networks with
cytotoxicity in sponge-associated bacteria, priotitizing unique clusters for
structural elucidation (Carroll et al., 2024; Leao et al., 2017; Schmid et al.,
2021), particularly in underexplored African taxa (Ibrahim et al., 2025).

Bioactivity-Guided Fractionation and Dereplication

Bioactivity-guided fractionation remains powerful for isolating active
compounds but can be redundant. High-resolution LC-MS/MS
dereplication using GNPS or MarinLit enables rapid recognition of
known metabolites and prioritisation of novel entities (Das & Shafi,
2023; Leaoetal.,, 2021; Li et al., 2024; Mayer et al., 2010; Nothias et al.,
2020; Sarkar et al., 2025).

Synergy of Omics and Bioassays
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Modern workflows integrate omics with high-throughput screening to
link metabolic features with bioactivity, facilitating biomarker
identification (Selegato et al., 2023). Transcriptomics and proteomics
help elucidate molecular targets of marine compounds, bridging
chemistry and pharmacology (Atanasov et al., 2021; Moutinho Cabral et
al., 2024; Q. Zhou et al., 2021).

Computational Approaches for Drug-Target Interaction

Docking, molecular dynamics, and pharmacophore modelling predict
drug—target interactions. Al-driven network pharmacology integrates
omics with structural data to map polypharmacology, enabling drug
repositioning (Atanasov et al., 2021; Bhatia et al., 2024; Newman &
Cragg, 2020; Shehab et al., 2024; van Der Hooft et al., 2020). Deep
generative models predict NRPS/PKS products before isolation
(Carretero Molina, 2024; Q. Zhou et al., 2021).

Challenges, Limitations, and Future Perspectives

Supply and Sustainability: Trace metabolite production limits large-
scale isolation. Overharvesting raises ecological concerns, necessitating
aquaculture, synthesis, or sustainable collection (Bhadange et al., 2024,
Mayer et al., 2010; Newman & Cragg, 2020).

Redundancy and Dereplication: Known compounds are frequently
re-isolated. Spectral limitations and structural complexity make
integration of Al-enhanced dereplication essential (Gaudéncio et al.,
2023; Leao et al., 2021; Nothias et al., 2020; Sabol, 2025; Selegato et al,,
2023; van Der Hooft et al., 2020).

Technical Constraints: LLow MS ionization, overlapping NMR signals,
and limited proteomic/transcriptomic sensitivity challenge minor
metabolite detection (Chaudhary et al, 2021; Ferreira et al, 2024,
Skinnider et al., 2020).

Interdisciplinary Needs: Effective MNP research requires
collaboration across chemistry, biology, pharmacology, computational

science, and ecology. Consortia and academia-industry partnerships are
vital (Atanasov et al, 2021; Newman & Cragg, 2020; Seibert &
Friedrich, 2024).

Ethical and Legal Considerations: Marine bioprospecting must
comply with Access and Benefit Sharing (ABS) under the Nagoya
Protocol. Key concerns include sovereignty, equitable benefit-sharing,
responsible collection, and handling of digital sequence information
(DSI), especially in African and Red Sea regions. Strengthening national

19



Abmed H. Eissa (AJPCMILS) 1V0l. 1, (No. 2), December 2025, pp 9-32

policies, transparent MTAs, and local capacity building are crucial for
ethical, sustainable research.

Future Perspectives

e Synthetic biology & genome mining: Engineer pathways to enhance
yields and produce analogues (Skinnider et al., 2020; Wang et al., 2025;
Q. Zhou et al,, 2021).

e Al & ML: Streamline dereplication, scaffold prediction, and drug-
target validation (Selegato et al., 2023; van Der Hooft et al., 2020).

¢ Microbiome exploration: Investigate sponge and coral symbionts for

untapped secondary metabolites (Couceiro et al., 2025; Doering et al.,
2021; Leao et al,, 2021).

e Sustainable production: Green chemistry and aquaculture reduce
environmental impact (Atanasov et al, 2021; Shetranjiwalla &
Ononiwu, 2025).

¢ Regional development: Expand omics infrastructure in Africa and
Red Sea ecosystems, integrating genome mining, molecular networking,
and high-resolution analytics to convert local biodiversity into global
biomedical innovations, while ensuring ABS compliance.

Conclusions

Marine natural products (MNPs) provide structurally diverse and
pharmacologically potent scaffolds, exemplified by cytarabine,
trabectedin, and eribulin. Omics technologies, Al, and computational
tools have transformed discovery pipelines, linking bioactivity-guided
isolation with genomics, proteomics, and metabolomics.

Challenges remain in supply, technical limitations, and ecological
sustainability, requiring synthetic biology, aquaculture, microbiome
studies, and interdisciplinary collaboration.

Future efforts should focus on underexplored regions such as Africa
and the Red Sea, developing omics databases, promoting collaboration,
and ensuring sustainable collection. With these strategies, MNPs will
continue to contribute substantially to drug discovery, offering solutions
to antimicrobial resistance, cancer, and emerging infectious diseases.
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