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Abstract 

 

Marine ecosystems harbor an exceptional microbial diversity that includes bacteria with the ability to 

synthesize structurally unique secondary metabolites. These compounds, often absent in terrestrial 

microorganisms, exhibit antimicrobial, anticancer, antioxidant, and anti-inflammatory properties. 

Ecological pressures in the ocean (salinity, hydrostatic pressure, nutrient limitation, and ultraviolet 

radiation) have driven specialized biosynthetic pathways. This chapter synthesizes recent advances in 

marine bacterial diversity, highlighting cultivation strategies for difficult-to-culture taxa, bioassay-

guided purification, and structural elucidation with NMR and mass spectrometry. It also reviews 

genomics, metagenomics, and metabolomics for discovery and activation of biosynthetic gene clusters 

(BGCs). Finally, it outlines biotechnological applications in medicine, agriculture, and environmental 

biotechnology, emphasizing their potential against antimicrobial resistance and cancer. 

 

 
Marine bacteria; Secondary metabolites; Biotechnology 

 

Resumen 

 

Los ecosistemas marinos albergan una diversidad microbiana excepcional que incluye bacterias capaces 

de sintetizar metabolitos secundarios estructuralmente únicos. Estos compuestos, frecuentemente 

ausentes en microorganismos terrestres, presentan propiedades antimicrobianas, anticancerígenas, 

antioxidantes y antiinflamatorias. Las presiones ecológicas del ambiente marino)(salinidad, presión 

hidrostática, limitación de nutrientes y radiación UV) han impulsado rutas biosintéticas especializadas. 

Este capítulo integra avances recientes en diversidad bacteriana marina, destacando estrategias de cultivo 

de cepas difíciles, purificación biodirigida y elucidación estructural mediante RMN y espectrometría de 

masas. Asimismo, se revisan genómica, metagenómica y metabolómica para el descubrimiento y 

activación de clústeres biosintéticos. Finalmente, se abordan aplicaciones en medicina, agricultura y 

biotecnología ambiental, con énfasis en su potencial frente a la resistencia antimicrobiana y el cáncer. 
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Introduction 

 

The growing demand for novel bioactive molecules with applications in medicine, agriculture, and 

environmental technology has intensified the exploration of marine natural products. These compounds 

have gained increasing attention in recent decades as potential solutions to pressing global challenges 

such as antimicrobial resistance, cancer, and chronic inflammatory diseases (Carroll et al., 2022; Blunt 

et al., 2018). Marine environments represent some of the most diverse and underexplored ecosystems on 

Earth, harboring vast reservoirs of genetic and metabolic potential—particularly within the bacterial 

domain. 

 

Marine bacteria have demonstrated an extraordinary capacity to produce secondary metabolites 

with uncommon chemical scaffolds and unprecedented modes of action, many of which have no 

terrestrial analogues (Romano et al., 2017; Hassan et al., 2021). This structural novelty arises largely 

from the intense selective pressures characteristic of oceanic ecosystems, including high salinity, 

hydrostatic pressure, ultraviolet radiation, and nutrient limitation. As a result, marine metabolites often 

exhibit potent and diverse biological activities, targeting a wide range of pathogens and cellular 

processes. 

 

The application of cutting-edge molecular tools (such as metagenomics, transcriptomics, and 

metabolomics) has revolutionized the discovery of biosynthetic gene clusters (BGCs) responsible for 

these compounds. Platforms such as antiSMASH, PRISM, and IMG/ABC now enable the prediction and 

comparative analysis of complete biosynthetic pathways, even from uncultured microbial genomes 

(Almeida et al., 2023). For example, more than 460 BGCs have been identified in symbiotic bacteria 

associated with sponges and octocorals, reinforcing the pharmaceutical potential of these symbionts as 

sources of antibiotics, antifungals, and cytotoxics. 

 

Beyond their chemical significance, marine bacteria play essential ecological roles through 

symbiotic relationships with invertebrates such as sponges, corals, ascidians, and macroalgae. These 

associations foster the coevolution of specialized metabolites optimized for ecological functions like 

chemical defense, spatial competition, and signaling (Piel, 2011). A representative example is Vibrio sp. 

EA348, isolated from the sponge Suberea mollis, which produces amifloxacin and fosfomycin— 

compounds exhibiting strong activity against Pseudomonas aeruginosa and Staphylococcus aureus, 

including multidrug-resistant strains (Bibi et al., 2020). Such discoveries underscore the therapeutic and 

biotechnological value of integrating ecological, chemical, and molecular approaches in marine 

bioprospecting. 

 

1. Marine Bacterial Diversity 

 

Marine bacterial diversity encompasses an extraordinary range of phylogenetic lineages and metabolic 

capabilities shaped by the complex physicochemical gradients of oceanic environments. These 

microorganisms inhabit virtually all marine niches—from surface waters and sediments to extreme 

ecosystems such as hydrothermal vents, polar seas, and abyssal plains—where they play indispensable 

roles in biogeochemical cycling and the maintenance of ecosystem homeostasis (Dang & Lovell, 2016). 

This diversity is not only taxonomic but also functional, reflected in the vast array of metabolic pathways 

that support adaptation to saline, oligotrophic, and high-pressure conditions (Hentschel et al., 2012; Bull 

& Stach, 2021 ). 

 

Among marine bacteria, members of the phyla Actinobacteria, Proteobacteria, Firmicutes, 

Bacteroidetes, and Cyanobacteria have been particularly studied for their biotechnological potential. 

Within Actinobacteria, genera such as Salinispora, Streptomyces, and Micromonospora have emerged 

as prolific producers of secondary metabolites, including macrolides, enediynes, alkaloids, and β-

lactones with remarkable pharmacological properties (Fenical & Jensen, 2016). The discovery of 

Salinispora tropica and S. arenicola—the first obligate marine Actinobacteria—was a milestone in 

marine microbiology, leading to the identification of clinically relevant compounds such as 

salinosporamide A, a potent proteasome inhibitor currently evaluated for anticancer therapy (Feling et 

al., 2003).  

 

 

https://doi.org/10.1039/D2NP00027A
https://doi.org/10.1039/C7NP00052A
https://doi.org/10.1039/C7NP00052A
https://doi.org/10.3390/md15120384
https://doi.org/10.3390/md19110620
https://doi.org/10.3389/fmicb.2023.1124567
https://doi.org/10.1146/annurev-micro-090110-102946
https://doi.org/10.3390/md18090451
https://doi.org/10.1128/MMBR.00037-15
https://doi.org/10.1038/nrmicro2839
https://doi.org/10.1016/j.tim.2021.03.003
https://doi.org/10.1016/j.tim.2021.03.003
https://doi.org/10.1038/nchembio.2169
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The phylum Proteobacteria, particularly α-, γ-, and δ-Proteobacteria, contributes substantially to 

marine chemodiversity. Genera such as Vibrio, Pseudoalteromonas, Photobacterium, and Shewanella 

produce a wide spectrum of compounds, including siderophores, bacteriocins, and signaling molecules 

that regulate microbial interactions and colonization processes (Offret et al., 2016). Several 

Pseudoalteromonas species, for instance, synthesize brominated pyrroles and phenols with potent 

antimicrobial and antifouling activities, illustrating their ecological role in biofilm inhibition and surface 

competition (Bowman, 2007; Egan et al., 2012). 

 

Symbiotic associations have further expanded the known chemical repertoire of marine bacteria. 

Many sponge- and coral-associated microorganisms are responsible for the biosynthesis of compounds 

initially attributed to their hosts, such as theonellamides, manzamine alkaloids, and polyketide 

macrolides (Pita et al., 2018; Webster & Thomas, 2016). In these holobiont systems, bacteria not only 

contribute to chemical defense but also mediate nutrient acquisition and microbial balance. Comparative 

genomics has revealed that these symbiotic bacteria harbor highly enriched biosynthetic gene clusters 

(BGCs), supporting the hypothesis that symbiosis is a driver of chemical innovation in the marine 

environment (Thomas et al., 2010). 

 

The exploration of marine bacterial diversity remains a frontier in natural product discovery. 

Despite the enormous progress achieved, estimates suggest that less than 1% of marine bacterial species 

have been cultivated and characterized (Steen et al., 2019). Advances in metagenomics, single-cell 

sequencing, and cultivation-independent methods continue to uncover previously hidden microbial 

lineages and biosynthetic capabilities. This expanding knowledge underscores the vast, untapped 

biosynthetic potential of marine bacteria as a cornerstone of future biotechnological and pharmaceutical 

innovation. 

 

2. Isolation and Cultivation of Marine Bacteria 

 

The isolation and cultivation of marine bacteria remain pivotal yet challenging steps in the discovery of 

new natural products. Marine microorganisms have evolved under physicochemical conditions distinct 

from those of terrestrial environments, including high osmolarity, pressure, and variable nutrient 

concentrations. These characteristics necessitate culture methods that faithfully replicate the marine 

habitat to recover viable and physiologically active strains (Amann et al., 2019; Nichols et al., 2010). 

Traditional plate-based isolation techniques have been progressively complemented by innovative 

approaches such as diffusion chambers, in situ cultivation systems, and microfluidic devices that enable 

growth of previously uncultivable taxa. 

 

Marine agar and seawater-based media have proven indispensable for promoting the growth of 

halophilic and halotolerant bacteria. Adjusting salinity, carbon sources, and trace elements is essential 

for recovering metabolically diverse genera such as Pseudoalteromonas, Vibrio, and Salinispora. 

Furthermore, selective pre-treatments—such as heat-shock, antibiotic enrichment, or competitive 

exclusion—help reduce fast-growing contaminants, favoring the isolation of rare actinobacteria and 

slow-growing producers of secondary metabolites (Subramani & Aalbersberg, 2013). 

 

Screening isolated strains for bioactivity typically involves bioassay-guided strategies that target 

antibacterial, antifungal, anticancer, or antioxidant potential. Crude extracts obtained from small-scale 

fermentations are tested against pathogenic models, and active fractions are prioritized for purification. 

High-throughput screening (HTS) using microtiter plates and automated liquid handling systems has 

accelerated this process, allowing the rapid identification of metabolite-producing strains (Bode et al., 

2002). The “One Strain–Many Compounds” (OSMAC) approach further enhances discovery by inducing 

metabolic diversity through variations in culture parameters such as temperature, pH, aeration, or nutrient 

composition (Bode et al., 2002). 

 

Co-cultivation represents another innovative approach to activate silent biosynthetic pathways. 

When marine bacteria are grown in the presence of competing microorganisms, they often express cryptic 

gene clusters as part of their ecological response. Such interactions have been shown to elicit the 

production of novel metabolites, highlighting the ecological complexity underlying secondary 

metabolism (Bertrand et al., 2014). Together, these strategies bridge classical microbiology with molecular 

ecology and systems biology, significantly improving the likelihood of discovering new bioactive 

compounds from marine bacteria. 

https://doi.org/10.3390/md5040220
https://doi.org/10.1016/j.mib.2012.08.001
https://doi.org/10.1186/s40168-018-0428-1
https://doi.org/10.1128/mBio.00135-16
https://doi.org/10.1038/s41396-019-0486-9
https://doi.org/10.1128/mr.59.1.143-169.1995
https://doi.org/10.1128/AEM.01754-09
https://doi.org/10.1016/j.micres.2013.01.003
https://doi.org/10.1002/1439-7633(20020703)3:7
https://doi.org/10.1002/1439-7633(20020703)3:7
https://doi.org/10.1016/j.biotechadv.2014.03.001
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3. Bioactive Secondary Metabolites from Marine Bacteria 

 

Marine bacteria have emerged as prolific sources of structurally diverse and biologically potent 

secondary metabolites. These compounds exhibit activities across multiple pharmacological targets, 

including antimicrobial, antiviral, anticancer, anti-inflammatory, and antioxidant pathways (Carroll et 

al., 2022). The unique environmental pressures of the ocean have shaped the biosynthetic machinery of 

marine microorganisms, leading to the evolution of novel enzymatic reactions and hybrid biosynthetic 

systems (Romano et al., 2017). 

 

Antibacterial metabolites remain the most intensively studied group. For example, 

marinopyrroles produced by Streptomyces sp. CNQ-418 exhibit potent activity against methicillin-

resistant Staphylococcus aureus (MRSA), with unusual bipyrrole structures stabilized by halogen 

substituents (Hughes et al., 2008). Similarly, alterochromides and pentabromopseudil derived from 

Pseudoalteromonas spp. demonstrate strong antimicrobial and antifouling properties (Egan et al., 2012). 

Beyond antibacterial agents, several compounds show cytotoxicity against tumor cell lines, such as 

salinosporamide A from Salinispora tropica, which irreversibly inhibits the 20S proteasome (Feling et 

al., 2003), and thiocoraline, a bisintercalator peptide produced by Micromonospora marina, with 

remarkable antitumor efficacy (Romano et al., 2017). 

 

Marine-derived metabolites also exhibit immunomodulatory and anti-inflammatory effects. 

Compounds such as abyssomicins and cyclomarins interfere with bacterial folate metabolism and NF-

κB signaling pathways, respectively (Schneider et al., 2008). Moreover, many bacterial metabolites act 

as quorum-sensing inhibitors, disrupting microbial communication and virulence without exerting 

selective pressure for resistance (Skindersoe et al., 2008). These bioactivities highlight the ecological 

functions of secondary metabolites as mediators of chemical defense and microbial competition, which 

have been evolutionarily co-opted for therapeutic applications. 

 

Collectively, marine bacterial metabolites offer a versatile chemical space with significant 

potential for drug discovery. Their diverse bioactivities, coupled with novel structural frameworks, 

continue to expand the pharmacological landscape and inspire the development of new therapeutic leads. 

 

4. Chemical Classes of Marine Metabolites 

 

The chemical diversity of marine bacterial metabolites spans an impressive range of structural classes, 

reflecting the metabolic versatility of their producers. The principal categories include polyketides, 

nonribosomal peptides (NRPs), hybrid PKS-NRPS products, alkaloids, terpenoids, and macrolactones 

(Jensen et al., 2015; Blunt et al., 2018). Each class arises from distinct biosynthetic logic and enzymatic 

architectures that enable the assembly of complex scaffolds under marine environmental constraints. 

 

Polyketides constitute one of the most abundant and diverse groups. They are synthesized by 

polyketide synthases (PKSs) through successive Claisen condensations of acyl-CoA precursors. Notable 

examples include salinosporamides, abyssomicins, and anthracimycin, all characterized by potent 

antimicrobial or cytotoxic properties (Feling et al., 2003; Jang et al., 2013). Nonribosomal peptides, 

assembled by multimodular peptide synthetases (NRPSs), display equally rich structural variety, often 

incorporating nonproteinogenic amino acids, heterocycles, and halogens that enhance their bioactivity 

and stability (Schneider et al., 2008). 

 

Hybrid PKS–NRPS metabolites, such as the macrolactones of Actinokineospora and the peptide-

polyketide complexes of Streptomyces, demonstrate nature’s ability to recombine biosynthetic modules, 

generating molecular scaffolds with unprecedented complexity. Other noteworthy groups include 

alkaloids—like manzamines and indolizidines—with unique nitrogen heterocycles, and terpenoids that 

often exhibit halogenation patterns distinctive to marine systems (Piel, 2011; Almeida et al., 2023). 

 

This extraordinary structural diversity results from enzymatic plasticity and horizontal gene 

transfer among marine microorganisms. Comparative genomics has revealed that gene clusters encoding 

PKS and NRPS systems are often exchanged between symbiotic bacteria and their hosts, driving the 

evolution of novel metabolic chemotypes (Thomas et al., 2010). Understanding these chemical classes 

not only illuminates marine biosynthetic innovation but also provides a foundation for rational 

bioprospecting and drug development. 

https://doi.org/10.1099/mic.0.2008/020701-0
https://doi.org/10.1002/anie.201302749
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5. Bioassay-Guided Purification and Structural Elucidation 

 

The purification and structural elucidation of marine bacterial metabolites are fundamental for 

confirming biological activity and elucidating their mechanisms of action. Bioassay-guided fractionation 

integrates chemical and biological screening to isolate active compounds from complex extracts. 

Sequential chromatographic techniques—solid-phase extraction (SPE), vacuum liquid chromatography 

(VLC), and high-performance liquid chromatography (HPLC)—allow systematic separation based on 

polarity and molecular size; each fraction is re-evaluated through antimicrobial, cytotoxic, or enzymatic 

assays to identify bioactive components (Greco et al., 2018). 

 

Spectroscopic and spectrometric methods are central to structural elucidation. Nuclear Magnetic 

Resonance (NMR) spectroscopy provides comprehensive information about proton and carbon 

connectivity, while Mass Spectrometry (MS) offers accurate molecular weight and fragmentation 

patterns. Two-dimensional NMR technique (COSY, HSQC, HMBC, and NOESY) are crucial for 

assigning stereochemistry and elucidating complex ring systems (Gross, 2017; Nguyen et al., 2020). 

 

Modern dereplication techniques have transformed the discovery workflow by distinguishing known 

molecules early in the analysis. LC-MS/MS-based molecular networking platforms like GNPS enable 

visualization of chemical relationships among metabolites, facilitating rapid identification of novel 

scaffolds (Watrous et al., 2012; Wolfender et al., 2019).  Integrating spectroscopic data with 

metabolomics and genome mining further accelerates structural assignment and connects metabolites to 

their biosynthetic gene clusters. Such interdisciplinary approaches streamline the discovery process, 

reducing redundancy and increasing the efficiency of marine drug discovery pipelines. 

 

6. Omics Approaches and Genome Mining 

 

The advent of omics technologies has revolutionized the exploration of marine bacterial biosynthetic 

potential. Genomics, metagenomics, transcriptomics, and metabolomics enable the comprehensive 

mapping of biosynthetic gene clusters (BGCs) and their expression patterns under different conditions 

(Almeida et al., 2023; Cimermancic et al., 2014).  

 

These approaches reveal that marine bacterial genomes harbor a vast reservoir of silent or cryptic 

pathways that remain unexpressed under standard laboratory conditions. Genome mining tools such as 

antiSMASH, PRISM, and BAGEL identify, annotate, and predict the products of BGCs, facilitating 

comparative analyses between strains and species (Medema et al., 2011). Metagenomics expands this 

capability to uncultured microbes, enabling direct access to the genetic information of environmental 

samples. By reconstructing BGCs from metagenomic data, researchers can infer the biosynthetic logic 

of entire microbial communities, uncovering novel enzymatic architectures and chemical entities 

(Ziemert et al., 2016). 

 

Metabolomics complements these approaches by correlating metabolic fingerprints with genetic 

potential. Mass spectrometry-based molecular networking, stable isotope labeling, and NMR 

metabolomics reveal dynamic changes in metabolite profiles in response to environmental cues. 

Transcriptomics and proteomics further elucidate regulatory mechanisms that control BGC activation. 

Together, these integrated omics strategies constitute a transformative platform for the rational discovery 

of marine natural products, bridging the gap between genetic information and chemical output. 

 

7. Biotechnological Applications of Marine Metabolites 

 

Marine bacterial metabolites hold immense promise across biomedical, agricultural, and environmental 

sectors. In medicine, compounds such as salinosporamide A and marinomycins are leading examples of 

marine-derived drugs with potent anticancer and antimicrobial properties (Feling et al., 2003; Kwon et 

al., 2006). Other metabolites, including cyclomarins and abyssomicins, serve as scaffolds for novel 

antibiotics targeting resistant pathogens (Schneider et al., 2008). 
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https://doi.org/10.1016/j.cell.2014.06.034
https://doi.org/10.1093/nar/gkr466
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In agriculture, marine bacterial compounds have been explored as biocontrol agents against 

phytopathogens. Lipopeptides and polyketides produced by Bacillus and Pseudomonas species inhibit 

fungal growth and biofilm formation, contributing to sustainable crop protection (Keswani et al., 2020). 

In environmental biotechnology, biosurfactants and enzymes from marine bacteria are applied in 

bioremediation, wastewater treatment, and biofilm control (Raddadi et al., 2015). 

 

Furthermore, the enzymatic machinery of marine bacteria provides a rich resource for industrial 

biocatalysis. Extremozymes—enzymes functioning under high pressure, salinity, or temperature—are 

being harnessed for pharmaceutical synthesis, biofuel production, and green chemistry applications 

(Trincone, 2018). The combination of chemical diversity, ecological adaptability, and functional 

resilience makes marine bacterial metabolites invaluable tools for addressing contemporary 

technological and environmental challenges. 

 

8. Challenges and Future Perspectives 

 

Despite substantial progress, the bioprospecting of marine bacteria faces persistent challenges. The 

limited cultivability of many species continues to constrain access to their biosynthetic repertoire, and 

sustainable production of complex metabolites remains a bottleneck for industrial application (Amann et 

al., 2019). Additionally, ecological impacts of large-scale sampling and the ethical implications of marine 

genetic resource exploitation require careful regulation under frameworks such as the Nagoya Protocol 

(Arrieta et al., 2010). 

 

Future perspectives focus on integrating synthetic biology, genome editing, and machine learning 

to unlock and optimize marine biosynthetic potential. Advances in heterologous expression systems—

using engineered hosts like Streptomyces coelicolor or Escherichia coli—enable production of 

metabolites from silent BGCs identified through genome mining (Li et al., 2019). Metabolic engineering, 

coupled with AI-driven pathway design, may soon allow sustainable biosynthesis of marine compounds 

at industrial scale. 

 

Interdisciplinary collaborations between microbiology, chemistry, genomics, and computational 

biology will be crucial for advancing marine drug discovery. As climate change and biodiversity loss 

threaten ocean ecosystems, the urgency of documenting, preserving, and harnessing marine microbial 

resources becomes increasingly evident. Marine bacteria thus represent not only a reservoir of chemical 

innovation but also a biological heritage of immense scientific and societal value. 

 

9. Methodology 

 

This review was developed through a structured narrative approach that integrated systematic literature 

retrieval, critical evaluation, and thematic synthesis to analyze recent advances in the discovery, 

structural elucidation, and biotechnological applications of secondary metabolites derived from marine 

bacteria. A comprehensive bibliographic search covering the period from 2010 to 2025 was performed 

using multidisciplinary databases such as Web of Science, Scopus, PubMed, ScienceDirect, and 

SpringerLink, complemented by specialized repositories including MarinLit, GNPS, and AntiBase. 

Boolean operators were applied to combine relevant search terms, including “marine bacteria,” 

“secondary metabolites,” “marine actinobacteria,” “bioactive compounds,” “biosynthetic gene clusters,” 

“genome mining,” and “metabolomics.” Only peer-reviewed articles published in English were 

considered, while older references were retained when historically relevant, such as the initial discovery 

of Salinispora tropica and early reports of marine actinomycetes. 

 

Publications were included if they presented isolation or identification of metabolites from marine 

bacteria, reported bioactivity data (antibacterial, cytotoxic, antifungal, among others), described genomic 

or omics-based biosynthetic potential, or explored biotechnological applications. Exclusion criteria 

comprised studies based on non-marine or cyanobacterial strains, works lacking reproducible data, and 

non-peer-reviewed sources such as non-indexed proceedings or unsupported patents. Each selected study 

was reviewed in full, and the extracted information—bacterial taxonomy, source of isolation, metabolite 

name and chemical class, biological activity, and analytical techniques—was organized into analytical 

matrices. These data were thematically grouped into sections reflecting the chapter’s structure: bacterial 

diversity, cultivation, metabolite chemistry, bioassay-guided purification, omics approaches, and 

applications. 

https://doi.org/10.3389/fmicb.2020.02088
https://doi.org/10.3390/md13096208
https://doi.org/10.3390/md16120459
https://doi.org/10.1073/pnas.1005819107
https://doi.org/10.1073/pnas.1005819107
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All references were critically evaluated for methodological rigor, reproducibility, and scientific 

impact. Quantitative trends, such as the frequency of specific metabolite classes, dominant bacterial 

genera, and recurrent bioactivities, were summarized descriptively. Qualitative synthesis was used to 

identify research gaps, emerging lines of investigation, and interdisciplinary connections. The 

preparation of this review adhered to the PRISMA recommendations for narrative reviews (Page et al., 

2021), ensuring transparency, reliability, and academic consistency throughout the analysis. 

 

10. Results 

 

The results of this review reflect the current state of knowledge regarding the chemical, biological, and 

technological potential of marine bacteria as producers of bioactive secondary metabolites. The analysis 

of recent literature reveals that marine bacterial diversity represents one of the richest and least explored 

biological resources on the planet. Within this diversity, members of the phyla Actinobacteria and 

Proteobacteria have been identified as prolific producers of secondary metabolites with novel structural 

frameworks and significant pharmacological relevance. Genera such as Salinispora, Streptomyces, 

Micromonospora, Vibrio, and Pseudoalteromonas stand out for their ability to synthesize compounds 

with potent antibacterial, antifungal, cytotoxic, and anti-inflammatory properties. These findings confirm 

the essential role of symbiotic associations—particularly those involving sponges, corals, and 

ascidians—as key sources of unique biosynthetic gene clusters (BGCs) that drive the production of 

chemically diverse molecules. 

 

Advances in isolation and cultivation methods have expanded the accessible spectrum of marine 

microorganisms. Approaches such as the OSMAC (One Strain–Many Compounds) strategy, co-culture 

techniques, and diffusion-based cultivation have proven effective in activating silent biosynthetic 

pathways, increasing the yield and diversity of metabolites obtained from marine bacteria. These 

developments demonstrate that the controlled modification of environmental and nutritional factors can 

profoundly influence metabolite production profiles, thereby enhancing the discovery of novel 

compounds that were previously undetectable under conventional laboratory conditions. 

 

The collected data also confirm the growing prevalence of hybrid biosynthetic systems combining 

polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) modules. These hybrid 

pathways are responsible for the structural complexity and biological versatility of marine metabolites 

such as macrolactins, marinomycins, and thiocoralines. Analytical techniques including high-resolution 

mass spectrometry (HRMS) and multidimensional nuclear magnetic resonance (NMR) remain 

indispensable for the structural elucidation of these compounds, while modern dereplication tools—such 

as molecular networking via GNPS—have significantly improved the efficiency of identifying 

previously unknown chemical entities. 

 

At the genomic level, the application of bioinformatics tools such as antiSMASH and PRISM has 

revolutionized the discovery of biosynthetic potential in both cultured and uncultured strains. More than 

460 biosynthetic gene clusters have been identified in symbiotic bacteria associated with sponges and 

other marine invertebrates, confirming the existence of a vast and still untapped reservoir of biosynthetic 

diversity. The integration of omics data (genomics, transcriptomics, and metabolomics) has facilitated 

the correlation between gene clusters and metabolite profiles, thereby enabling more targeted 

bioprospecting strategies and reducing the rediscovery of known compounds. 

 

From a biotechnological standpoint, marine bacterial metabolites have shown great promise in 

multiple sectors. In medicine, several compounds—including salinosporamide A and marinopyrrole A—

have advanced toward preclinical or clinical evaluation due to their activity against multidrug-resistant 

pathogens and cancer cells. In agriculture, bacterial metabolites with antifungal and insecticidal activities 

are being developed as eco-friendly biocontrol agents. Additionally, enzymes and biosurfactants derived 

from marine microorganisms are increasingly applied in environmental biotechnology, particularly in 

bioremediation and the degradation of xenobiotics. 

 

Despite remarkable progress, significant challenges persist. The low cultivability of many marine 

bacterial taxa limits access to their full biosynthetic potential, while the structural complexity of marine 

metabolites often hinders chemical synthesis and large-scale production. Nonetheless, emerging 

technologies such as metabolic engineering, heterologous expression, and synthetic biology offer feasible 

solutions to these obstacles.  

https://www.bmj.com/content/372/bmj.n71
https://www.bmj.com/content/372/bmj.n71
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Collectively, the results of this review highlight the extraordinary potential of marine bacteria as 

sources of chemically diverse, biologically active, and industrially relevant metabolites, reinforcing the 

importance of continued multidisciplinary exploration and innovation in this expanding field. 

 

11. Conclusions 

 

The exploration of marine bacteria has unveiled a vast and largely untapped reservoir of bioactive 

molecules with remarkable potential in medicine, industry, and environmental technology. These 

microorganisms, adapted to extreme and dynamic marine environments, have evolved unique metabolic 

pathways that enable the biosynthesis of compounds with unprecedented chemical architectures and 

biological functions not found in terrestrial organisms. This singularity has established marine bacteria 

as one of the most promising sources of novel natural products with significant therapeutic and 

biotechnological applications. 

 

Advances in analytical and molecular tools—particularly genomics, metagenomics, 

transcriptomics, and metabolomics—have transformed the landscape of marine natural product 

discovery. These technologies allow not only the identification of biosynthetic gene clusters and their 

regulatory mechanisms but also the correlation of genetic potential with metabolite production. The 

integration of bioinformatics platforms, predictive algorithms, and molecular networking approaches has 

further enhanced the dereplication, annotation, and prioritization of compounds with relevant 

pharmacological properties. Consequently, the combination of culture-dependent and culture-

independent methods has expanded our capacity to explore microbial dark matter and access previously 

hidden chemical diversity. 

 

Despite these advances, significant challenges remain. A large proportion of marine bacteria 

remain uncultivable under standard laboratory conditions, limiting access to their biosynthetic potential. 

Moreover, the structural complexity of many marine metabolites poses difficulties for chemical synthesis 

and large-scale production. Ensuring sustainable and cost-effective production strategies is therefore 

essential for their practical application. Synthetic biology, metabolic engineering, and heterologous 

expression systems represent promising approaches to overcome these limitations, enabling scalable 

biosynthesis of complex natural products. 

 

Several success stories already exemplify the therapeutic value of marine bacterial metabolites. 

Compounds such as salinosporamide A, abyssomicin C, and marinopyrrole A have demonstrated potent 

activity against cancer and multidrug-resistant pathogens, validating the immense pharmaceutical 

promise of the marine microbiome. Beyond human health, marine bacteria are also contributing to 

sustainable agriculture through biocontrol agents and biofertilizers, as well as to environmental 

biotechnology through biosurfactants and enzymes capable of degrading pollutants and improving 

industrial processes. 

 

The potential of marine bacteria as a biotechnological resource is immense and only beginning to 

be realized. Continued investment in multidisciplinary research, advanced biotechnological platforms, 

and international collaboration will be crucial to fully harness this microbial wealth. As humankind seeks 

sustainable solutions to global health, food, and environmental challenges, marine bacteria stand out as 

vital allies—offering a reservoir of chemical and genetic innovation that bridges the frontier between 

biodiversity and biotechnology, and between the ocean and human well-being. 
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