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Global distribution of deep-
sea natural products shows 
environmental and phylogenetic 
undersampling with potential for 
biodiscovery
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Natural products from marine and terrestrial organisms provide an important resource for medicinal 
chemistry and drug discovery. Defined as occurring at depths greater than 200 m, most of the ocean, 
by area and volume, is comprised of deep-sea environments. These contrasting ecosystems exhibit 
a wide range of temperature, pressure, and environmental chemistry conditions that harbour high 
phylogenetic diversity. Here we analyse the global distribution of Marine Natural Products (MNPs) 
from deep-sea organisms, which reveals chronic undersampling of the deep ocean as a reservoir of 
new and diverse chemical structures and bioactivity. The sources of 2909 compounds and extracts, 
compiled from published records, show a sampling bias towards benthic and shallower deep-sea 
habitats, with relatively few from areas beyond national jurisdictions and a concentration of records 
along geomorphological features that have been the focus of marine scientific interest such as 
seamounts and hydrothermal vents. The phylogenetic distribution of deep-sea MNPs is dominated by 
non-metazoan sources (76% of records) and Ascomycota fungi in particular (55%). Polyketides are the 
most prevalent metabolites in deep-sea MNPs, and cytotoxic and antibacterial properties are the most 
commonly reported bioactivities. Our analyses highlight a need for systematic sampling and consistent 
data reporting to explore potential relationships, if any, between, bioactivity, new chemical structures, 
phylogeny and deep-sea environmental conditions, which could guide targeted biodiscovery in our 
planet’s largest biome and enable better assessment of the benefits of protecting deep-sea biodiversity 
from human impacts.

The natural world has played a critical role in the discovery and development of pharmaceutical products, derived 
from compounds found in plants, animals and microorganisms1. Continued human population growth—
the population of > 60-year-olds being estimated to double (2.1 billion) by 2050—has given rise to increasing 
demands for health care resources, alongside a higher risk of disease and prevalence of drug resistance 2,3. As 
a result, the vast unexplored genetic diversity of marine ecosystems is a growing focus for the pharmaceutical 
sector, with ~ 43,000 Marine Natural Products (MNPs) being reported in the last 50 years4,5. This is largely owing 
to new chemical structures, for example with ~ 70% of macrofaunal structural scaffolds endemic to marine 
organisms6,7.

The deep sea constitutes 90% of the global area of the ocean8, and the diverse habitats that it contains are 
likely to host at least 50% of the estimated ~ 2.2 million marine species9. As a consequence of heterogeneity 
in conditions of pressure, temperature, light and chemistry, across numerous environments including, abyssal 
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plains, sea mounts, continental margins, hydrothermal vents, cold water coral reefs, hadal and oxygen minimum 
zones, the deep sea hosts an extensive reservoir of highly adapted extremophiles10,11. The physiological and 
biochemical adaptations to environmental conditions in deep-sea habitats can be linked to modifications in gene 
regulation and primary and secondary metabolic pathways, which have the potential to provide structurally 
unique MNPs12. Despite historic undersampling of deep-sea biodiversity13, advances in technology and 
automation and the introduction of increasingly affordable tools capable of recording and collecting deep-sea 
specimens are revealing the presence and extent of new chemical structures and bioactivity in many species that 
reside in our deep ocean14–17. For example, 80% of the compounds assayed from a study on deep-sea microbes 
exhibited various bioactivities18. However, major gaps in our knowledge of deep-sea biodiversity remain, 
particularly in the chronically under-represented deep pelagic ocean13. Some patterns have emerged, namely 
that the most common environment in the deep sea, abyssal plains, host low productivity and biomass, but high 
biodiversity19,20. Species diversity is lower in suboptimal deep-sea environments, such as low oxygen zones or 
hydrothermal vent disturbances21. Annelids, arthropods and molluscs in the deep-sea, appear to demonstrate 
disproportionally high biodiversity, whilst megafauna typically do not trend towards higher biodiversity22. Deep-
sea microbes offer an underexplored “rare biosphere”, which are more likely to synthesize structurally distinctive 
enzymes and secondary metabolites compared with their terrestrial and shallow water counterparts23,24. It is 
important to highlight that current ocean sampling is spatially and taxonomically biased towards vertebrate 
species, the first ~ 100 m of the water column, the northern hemisphere, resource-concentrated areas, certain 
geomorphological features (canyons, escarpments, and slopes) and certain Exclusive Economic Zones (EEZs)17,25.

Several previous analyses of deep-sea natural product data have been restricted to particular taxonomic 
groups, such as sponges26,27, sponge-microbe associations28,29, deep-sea fungi30,31, actinomycetes32, as well as 
microorganisms33,34 and extremophiles in general35. Others have focused on specific habitats such as hydrothermal 
vents36, geographical regions37,38 and ecosystems30. Some studies have focused on individual bioactivities, such 
as anti-cancer39 and antibiotic40 properties. A few studies have addressed deep-sea MNPs in general41–43, but 
not specifically exploring relationships between metabolites and the phylogeny or environmental conditions of 
deep-sea organisms, despite their potential to provide new molecules with potent activities43.

Comprehensive inventories of published MNPs, including those sourced from the deep sea, are available 
annually in the journal Natural Product Reports44–82, which led to the development of the online MarinLit 
MNP (Marine Natural Products) database hosted by the Royal Society of Chemistry since 20134. The data 
of the Marine Natural Products reviews have also contributed to the free data-sharing platform CMNPD 
(Comprehensive Marine Natural Products Database)83. Those data sources for MNPs provide updated details of 
bioactive compounds found in taxa from deep-sea habitats to enable the first step in a global, interdisciplinary 
synthesis.

This study provides a global analysis of bioactivity and new chemical structures in MNPs from deep-sea 
organisms, characterising the geographic distribution of deep-sea MNPs and the diversity of their structures, 
bioactivities, and phylogenetic sources. These aspects of deep-sea MNPs could potentially reveal relationships 
of environmental, physiological and genetic factors with chemical structures and/or bioactivity, whilst 
also generating a comprehensive gap analysis of biodiscovery in the deep sea. The benefit of including both 
bioactive and new chemical structures allows for a better understanding of the potential value of these deep-sea 
environments, since bioactivity alone is narrowly focused by non-standardised assay selection80.

An important facet of MNP research is quantifying the potential opportunity cost of anthropogenic activities 
that may impact these ecosystems and their biodiversity. This study, associated database and interdisciplinary 
analysis approach may therefore help inform a more targeted approach for future biodiscovery, specifically 
focusing the screening phase towards specific environments, genetic groups, or data gaps. Additionally, it 
demonstrates the need for consistent and detailed ecological reporting into a well-maintained database to enable 
interdisciplinary meta-analyses of bioactivity. This is particularly important in the context of the newly adopted 
UN Biological Diversity of Areas Beyond National Jurisdiction (BBNJ) agreement (2023)84, and we highlight 
the value of comprehensive MNP-focused databases, namely MarinLit4 and CMNPD83, which have significantly 
contributed to the data presented and analysed in this study.

Results
Our compilation of global data shows 2909 records of compounds and extracts from deep-sea organisms that 
exhibit either a new chemical structure at the time of publication and/or a positive bioactivity result, i.e., a 
positive half-maximal inhibitory concentration (IC50) or minimum inhibitory concentration (MIC), irrespective 
of strength (which we refer to as MNPs). In those 2909 records, 2879 are identified compounds from deep-sea 
organisms, and the remaining 30 records are extracts whose constituents have not been isolated. Of the 2879 
deep-sea compounds catalogued, 34.1% were only structurally “new” at the time of publication, 23.4% only 
bioactive and the remaining 42.5% demonstrated both bioactivity and new structural chemistry.

Figure 1 shows the geographic, depth, and geomorphological distribution of MNPs isolated from the deep 
sea. Only 113 entries (3.8%) of the 2909 records in our compiled database did not reference any coordinates for 
sampling location.

Records of deep-sea MNPs are heavily concentrated in the first 200 to 700 m of water depth (Fig. 1a). From 
700 to 5700 m there is a lower sampling effort, which drops to very sparse levels between 6200 m and the hadal 
depths of the Mariana Trench, where all samples below 7200 m are located. The overall depth distribution of 
deep-sea MNPs is not representative of the depth distribution of the ocean, for example despite 50% of the earth’s 
surface lying 3200 m below sea level, only 33% of deep-sea MNPs are derived from collections > 3200 m8.

Our data show that 36% of recorded deep-sea MNPs come from samples collected in “High Seas” areas 
(Fig.  1b) that will be under future jurisdiction of the BBNJ Treaty (BBNJ, 2023) governing Marine Genetic 
Resources (MGRs). Deep-sea records from High Seas regions represent ~ 2.6% of all MNPs. Within the 64% of 
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deep-sea MNPs collected from EEZs, the majority (40% of all deep-sea MNPs) come from EEZs in the North 
Pacific (Paracel Islands: 9.9%; Japan: 5.8%; Taiwan 5.4%; New Caledonia: 4.9%; Philippines 4.0%; China: 3.9%; 
Micronesia: 3.8%), showing an imbalance in MGR exploration between geographic regions.

Only 9% of records are from specimens collected from the water column, with the remaining 91% of records 
derived from organisms on or in the seabed. Approximately a quarter (27%) of records were sampled from 
geomorphological seafloor features such as seamounts, guyots, canyons, ridges, troughs, and trenches (Fig. 1b). 
Some records are concentrated around particular features such as the Mid-Atlantic Ridge, Southwest and 
Central Indian Ridges, and the Juan de Fuca Ridge in the NE Pacific. Approximately 3% (89 records) of MNPs 
to date have been identified from deep-sea hydrothermal vents and their proximate sediments, which occur on 
such seafloor-spreading centres.

Diversity of phylogeny, structure, and bioactivity in deep-sea MNPs
Non-metazoans (Kingdoms Archaea, Fungi, Bacteria, and Chromista) account for ~ 76% of deep-sea MNPs 
(Fig. 2), with Animalia representing the remaining ~ 24% of records. Within those five Kingdoms, records of 
deep-sea MNPs occur in 17 phyla with an uneven distribution among them (Fig. 2). Ascomycota fungi represent 
over half (~ 55%) of deep-sea MNP records to date, and the next most abundant phyla for records of deep-sea 
MNPs are Actinobacteria (~ 16%) and Porifera (~ 14%).

The records within the phyla Ascomycota and Actinobacteria are dominated by the genera Penicillium 
(~ 16% of all deep-sea MNPs) and Aspergillus (~ 14%), and Streptomyces (~ 10%) respectively (Fig. 3a). Although 
Animalia contributes 24% of deep-sea MNPs overall, their records are distributed more widely and evenly 
among genera than in Fungi and Bacteria, with 42 genera contributing to the Porifera records (Fig. 3a).

In terms of structural diversity, polyketides are the most prevalent metabolites in the records of deep-sea 
MNPs (~ 32%), represented across all Kingdoms (Fig.  3b). Alkaloids, amino acids, peptides, shikimates and 
phenylpropanoids occur in MNPs from deep-sea Bacteria and Fungi, while Animalia show more fatty acid and 
terpenoid records (Fig. 3b). This study identifies 1900 extracts and compounds exhibiting single or multiple 
bioactive properties, amounting to 2290 total recorded bioactive results. The properties most commonly tested 
for and reported in deep-sea samples are cytotoxic (37%), antibacterial (22%), anti-inflammatory (9%) and 

Fig. 1.  Global distribution of published records of Marine Natural Products (MNPs) from deep-sea organisms: 
(a) distribution of records by depth, compared with ocean area [ref Weatherall et al., 2014]8 and number of 
records [ref Webb et al., 2010]13; (b) territorial distribution, in relation to Exclusive Economic Zones (EEZs) of 
nations in the ocean, and geomorphological features according to the Esri hosted 2014 GRID-Arendal map [ref 
Harris, 2014]105. This map was created under licence using ArcGIS Online (Esri, Redlands, CA, USA; ​h​t​t​p​s​:​/​/​w​
w​w​.​a​r​c​g​i​s​.​c​o​m​​​​​; Accessed June 2025.
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enzymatic (8%) activities (Fig. 3c). The distribution of bioactive properties shows that antibacterial compounds 
are particularly prevalent in Aspergillus and Penicillium Fungi (Fig. 3c), which have similar profiles of structural 
diversity and bioactivity. There is also a concentration of enzymatic bioactivity in MNPs from deep-sea 
Aspergillus, while cytotoxic bioactivity is found more evenly across phylogenetic groups (Fig. 3c).

A cluster analysis of structural similarity (utilising a 90% Tanimoto similarity threshold) among the 2774 
records containing deep-sea MNP chemical structures reveals a high prevalence of singletons indicating 
limited similarity relative to other structures within the dataset Fig. 4a). Some linked clusters correspond to 
records within individual phyla (Fig.  4b), such as Actinobacteria, Zygomycota, Foraminifera, Porifera, and 
Echinodermata, indicating possible relationships between phylogeny and the structural chemistry of deep-sea 
MNPs. The isolation of most points even in more data-abundant phyla such as Ascomycota, however, suggests 
that there is still a high degree of structural variability even within such phylogenetic groups.

The sources of deep-sea MNPs have been identified to species level in 1711 of records (59%) consisting of 
224 species, of which only 80 species have available genetic data (Fig. 5a). Deep-sea MNPs from sources that 
genetic data are the products of eight biochemical pathways (Fig. 5b) and exhibit eight main types of bioactivity 
(Fig.  5c), of which cytotoxic (35%) and antibacterial (28%) properties are the most commonly tested and 
exhibited properties. There appears to be a cluster of antibacterial bioactivity records among closely related 
Aspergillus and Penicillium species.

Cluster analysis of bioactivities reported in deep-sea MNPs identifies five clusters of varying sizes (from 
16 to 74 compounds) in the dataset, with a high level of within-cluster variation (Fig. 6a). Phylogenetic and 
environmental provenance does not vary significantly between clusters (Fig. 6b and c), and biological activity 
profiles also show no clear trend across clusters (Fig. 6d).

Discussion
Contrasting environments can exert unusual selective pressures on organisms that may generate new bioactive 
compounds. Deep-sea environments have been highlighted as a promising frontier for drug discovery as a 
consequence of heterogeneity in conditions such as temperature, pressure and chemistry41. Our study shows 
that the deep sea remains largely unexplored as a potential reservoir of new, diverse chemical structures 
and bioactivity, identifying 2909 deep-sea MNPs from published sources and databases. This inventory 
represents ~ 7.3% of all MNPs4, despite the deep sea constituting 90% of global ocean area8 and likely containing 
at least half of estimated marine biodiversity9.

Fig. 2.  Taxonomic distributions of 2909 published records of Marine Natural Products (MNPs) from deep-sea 
organisms, showing abundances of deep-sea MNPs by phylum across 4 Kingdoms.
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The geographic distribution of deep-sea MNPs (Fig.  1a) indicates a sampling bias towards benthic and 
shallower habitats, similar to the pattern found in records of marine biodiversity13,17. Our compilation of data 
also indicates relatively fewer deep-sea MNP records in areas of the ocean beyond boundaries of national 
jurisdictions (BBNJ areas), and a high contribution of records from Exclusive Economic Zones (EEZs) in regions 
such as the North Pacific. Across areas beyond national jurisdiction and EEZs, many deep-sea MNPs also come 
from sampling at particular geomorphological features that have been the focus of wider marine scientific 
interest, such as trenches, seamounts and hydrothermal vents.

The geographic distribution of deep-sea MNPs at present therefore reflects sampling effort, rather than 
possible associations of bioactivities or new structural chemistry with particular deep-sea environments 
(Fig. 1a). There are 91 records of MNPs from deep-sea hydrothermal vents and their proximate sediments, where 
organisms thrive in conditions that include mineral-rich hydrothermal fluids, high temperature variation, and 
in situ chemosynthetic primary production by bacteria and archaea85. But deep-sea exploration has been biased 
towards hydrothermal vents17, which may therefore account for the prevalence of deep-sea MNPs from those 
environments. The idea that the evolution of some MNPs may be related to specific deep-sea niches therefore 
remains an open question, with a potential for targeted biodiscovery. Perhaps the most extraordinary feature of 
the deep sea is the extent of the bathymetric environmental gradient that defines it86; future research on MNPs 
should be focussed on sampling across this gradient rather than from particular geomorphological features.

The phylogenetic distribution of deep-sea MNPs is not representative of the full taxonomic diversity known 
from deep-sea habitats and is likely biased toward taxa that are more easily collected (e.g. sessile metazoa such as 
sponges), readily cultured, or historically associated with specific bioactivities. Notably, Aspergillus, Penicillium, 
and Streptomyces together account for 39% of entries in this database, despite likely representing only a small 
fraction of the total microbial diversity present in deep-sea environments24,87.

It is important to note that currently, most MNPs derived from microorganisms are cultured under standard, 
non-extreme conditions. Further, no new MNPs have been derived from microbes cultured under high pressure, 
due to extreme condition cultivation challenges, potentially representing a gap in our understanding of MNPs 
in ~ 76% of this database18,88. Furthermore, only 59% of deep-sea MNP records are identified to species level 

Fig. 3.  Taxonomic distributions of the characteristics of 2909 published records of Marine Natural Products 
(MNPs) from deep-sea organisms, generated using iTOL v6.9.1 [ref Letunic & Bork, 2024]107: (a) abundances 
of bioactive compounds, new structures, and bioactive extracts by genus; (b) abundances of structures of deep-
sea MNPs by genus; (c) abundances of bioactivities of deep-sea MNPs by genus.
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and we have genetic data for only 80 of the 223 species identified. Records of some deep-sea MNPs also lack 
information about sampling location (3.8%) or chemical structures (4.6%). These gaps in deep-sea MNP data 
illustrate the need for accurate and detailed reporting in biodiscovery to enable interdisciplinary meta-analyses89.

Fig. 4.  Cluster plot of deep-sea organisms recorded as sources of structurally new and/or bioactive 
compounds, generated using DataWarrior v06.02.01 [ref Sander et al., 2015]108 using a skelspheres descriptor 
with a 90% similarity index. Links and positioning in (a) show similarity of structural scaffolds; (b) displays 
associated phyla.
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Phylogeographic analysis could aid biodiscovery through better understanding of the genetic divergence 
of species inhabiting certain deep-sea conditions and the implications for their molecular chemistry. Deep-sea 
ctenophores, for example, exhibit adapted phospholipids that enhance pressure tolerance in Escherichia coli90. 
Our analysis, however, shows that more data are required before we can establish relationships, if any, between 
phylogeny and bioactivity, and certainly before phylogenetically targeted biodiscovery can be developed in the 
deep sea. At present, the absence of a chemical pathway or bioactivity within a phylogenetic group is likely to 
result from limited sampling. It is also further confounded by the tendency not to publish or record negative 
results, whereby absence of evidence cannot be interpreted as evidence of absence.

Our analysis shows the diversity of compound structures within current records of deep-sea MNPs. Whereby, 
using skelsphere descriptors, few structures demonstrate similarity indices of more than 90% (Fig. 4a), which 
is potentially an indication of a reservoir of unique chemistry. This is not however, an indicator that deep-sea 
chemistry is more or less diverse or unique compared with shallow water or terrestrial environments. Whilst 
previous studies have demonstrated that the deep sea represents a unique reservoir of novel chemistry, it has 
also been shown that 76.7% of microorganism-derived MNPs are closely related to compounds isolated from 
terrestrial microorganisms18,43. This pattern may partly reflect: the collection of resistant spores transported from 
land to the ocean that can remain viable but dormant for years91, that microroganisms capable of being cultured 
within current culture media biases and non-extreme cultivation conditions express similar chemical structures 
to terrestrial or shallow water micororganisms or that the use of conserved biosynthetic resources and chemical 
building blocks are widely shared across deep-sea and terrestrial microorganisms18,88,92. Thus, further study, 
particularly of macro-organisms, could reveal the comparative uniqueness of deep-sea MNPs by conducting a 
similar structural skelspheres analysis that includes a dataset of all known shallow water and terrestrial natural 
product chemistry. Additionally, Fig. 4b shows some linkage of similar structures with particular phylogenetic 
groups. The high degree of structural variability within groups found in our analysis, however, highlights the 
potential for more complete databases to detect meaningful trends.

Our analysis of deep-sea MNP data highlight the current trends and gaps in deep-sea biodiscovery, and 
the need for comprehensive records for bioactive or structurally new MNPs. Further, it is noteworthy, that our 
analysis of MNPs is limited to the quality of chemical structure and bioactivity reporting, much of which is 
intrinsically biased towards a known chemical space, e.g., towards research group preference and taxa that have 
already shown positive results93,94, and include bioactivity testing that is often not effectively standardised80. It 
is important that accurate and detailed reporting, including genetic information, becomes a more regular part 
of the biodiscovery process, and that data should be recorded in accordance with FAIR (Findable, Accessible, 

Fig. 5.  Phylogenetic relationship of 80 deep-sea organisms for which genetic data are available that are sources 
of Marine Natural Products (MNPs): (a) phylogeny of species in relation to geological time generated by 
TimeTree [Kumar, S. et al., 2022]103; (b) chemical pathways of MNPs for each species; (c) bioactivities of MNPs 
for each species.
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Interoperable, Reusable) principles included in Article 14 paragraph 2(c) of the BBNJ Agreement84,95, for 
example using open access databases such as OBIS (2024) (https://obis.org/)96. Data sourced from areas beyond 
national jurisdiction will also need to conform with the Clearing-House Mechanism prescribed by the Article 
51 of the BBNJ Agreement, which entered into force on 17 January 202684.

Overall, these data recording enhancements may enable a better understanding of the phylogenetic 
distribution of bioactivity/new chemical structures in deep-sea MNPs, and environmental correlations in 
compound expression, leading to future phylogeographic analysis and computational pharmaceutical screening 
that could aid targeted biodiscovery.

A systematic survey of MNPs across deep-sea environments and taxa, including recording absences of 
bioactivities and new sources of already-known compounds, could substantially boost such an effort, similar to 
the ambition of the international Ocean Census, to advance knowledge of deep-sea biodiversity as part of the 
UN Ocean Decade97. Future comparative analysis of deep-sea MNPs with compounds from shallow-water and 
terrestrial sources would be beneficial to understand the uniqueness of deep-sea chemistry92. Improving our 
understanding of the deep sea as a source of MNPs is urgently required to inform the evaluation of activities such 
as deep-sea mining, which may have impacts on genetic diversity in deep-sea environments98.

Methods
Compilation of deep-sea MNP data
The data presented and analysed in this study were compiled from a thorough independent literature review, 
which utilised key words such as, “deep sea”, “bioactivity”, “chemistry”, “compounds”, “novel”, “new”, “scaffolds”, 
“structures”, “IC50”, “MIC” and all the bioactivity categories listed in Fig. 3c within academic search platforms 
including Google Scholar and PubMed. The commercial database MarinLit (https://marinlit.rsc.org/)4 and the 
free data sharing platform, CMNPD (https://www.cmnpd.org) 83, were valuable resources in signposting relevant 
literature, which were filtered and cross-checked to only include records below 200 m. Details of every entry can 
be found in the supplementary data. To qualify as an MNP in this dataset, each record had to be derived from a 
biological source > 200 m deep. The chemical structure at the time of publication had to be regarded as “new” or 
“novel” and/or generate a positive bioactivity result, i.e., a positive half-maximal inhibitory concentration (IC50) 
or minimum inhibitory concentration (MIC), irrespective of strength.

Fig. 6.  Variation in bioactivity profiles of deep-sea Marine Natural Products: (a) non-metric multidimensional 
scaling (nMDS) combined with K-means cluster analysis for bioactivity profiles, identifying five clusters (C1-5) 
in the dataset; (b) composition of clusters by phylogenetic source; (c) composition of clusters by environmental 
source; (d) composition of clusters by activity type.
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The data were cross-checked and developed in more detail using the open-access and open-source 
platforms Reaxys (https://www.reaxys.com/)99, Chemspider (https://www.chemspider.com/)100, Natural 
Product (NP) Classifier (https://npclassifier.ucsd.edu/)101, World Register of Marine Species  (WoRMS) 
(https://www.marinespecies.org/)102 and TimeTree (https://timetree.org/)103 to build a database of chemical 
structures, chemical classifications, taxonomy and phylogeny respectively for each MNP record. Table 1 of the 
supplementary material provides a summary of the information acquired for each record where possible. Table 
2 of the supplementary material provides a general, chemical, taxonomic and bioactivity summary of the curated 
database.

Visualisation and analysis of phylogenetic, structural and bioactivity data
Geographic distribution data (Fig. 1b) were plotted using ARCGIS Pro 3.5.0104, and analysed against the GRID 
Arendal World Seafloor Geomorphology105 and Economic Zone map image layers106. Taxonomic plots (Fig. 3) 
were created using version 6.9.1. of the “Interactive Tree of Life” platform (iTOL v6.9.1)107. Records that could 
not be identified to genus level were excluded from the plot and the remaining genera were plotted in terms 
of taxonomic classifications defined by WoRMS102. The taxonomic trees of genera were manually coded using 
PhyloXML formatting and imported into the iTOL v6.9.1 programme as a txt. file. Version 1.8 of the “iTOL 
annotation editor”107 was used for formatting and to plot bar charts against the taxonomic trees.

Cluster analysis of chemical structures (Fig.  4) was conducted using DataWarrior v06.02.01108, using a 
skelspheres descriptor with a 90% similarity index. The 90% Tanimoto similarity threshold was intentionally 
selected to identify and visualise closely related structural scaffolds among deep-sea–derived bioactive 
compounds. At this high threshold, clustering emphasises fine-grained scaffold conservation, enabling the 
detection of subtle structural variations. To highlight the influence of Tanimoto similarity threshold selection, 
Fig. 1 of the supplementary material offers an 80% similarity index. Figure 5a utilised the TimeTree platform103 
to plot the phylogeny of species against geological time. 80 species within the database had sufficient genetic data 
to be recognised by the TimeTree platform and included in the analysis to visualise any relationships between 
phylogenetics (Fig. 5a) and chemical pathway and bioactivity type (Fig. 5b and c). Non-metric multidimensional 
scaling (nMDS) with K-means cluster analysis on Bray–Curtis dissimilarities was used to explore similarity in 
biological activity profiles across compounds (Fig. 6a). Due to the high level of group dispersion as well as uneven 
group sizes, PERMANOVA analysis was not performed109. Instead, cluster number was selected by minimising 
gap statistics, a measure which compares the within cluster dispersion against an expected null distribution110. 
Taxonomic classification, environmental provenance and biological activity profiles of compounds in each 
cluster were then compared (Fig. 6b, c and d).

Data availability
All relevant data and information have been provided in the supplementary data and supplementary material 
files.
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