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How different are marine microbial natural products compared to 
their terrestrial counterparts?  
Tanja M. Voser ab, Max D. Campbell ac and Anthony R. Carroll *ab 

A key challenge in natural products research is the selection of biodiversity to yield novel chemistry. Recently, marine 
microorganisms have become a preferred source. But how novel are marine microorganism natural products compared to 
those reported from terrestrial microbes? Cluster analysis of chemical fingerprints and molecular scaffold analysis of 55,817 
compounds reported from marine and terrestrial microorganisms, and marine macro-organisms showed that 76.7% of the 
compounds isolated from marine microorganisms are closely related to compounds isolated from terrestrial 
microorganisms. Only 14.3% of marine microorganism natural products are unique when marine macro-organism natural 
products are also considered. Studies targeting marine specific and understudied microbial phyla result in a higher likelihood 
of finding marine specific compounds, whereas the depth and geographic location of microorganism collection have little 
influence. We recommend marine targeted strain isolation, incorporating early use of genomic sequencing to guide strain 
selection, innovation in culture media and cultivation techniques and the application of cheminformatics tools to focus on 
unique natural product diversity, rather than the dereplication of known compounds. 

Introduction 
The search for novel, bioactive molecules is a major aim in 
modern drug discovery. Although it is possible to generate 
extensive libraries of synthetic compounds through automated 
processes, biodiversity is still a unique and exceptionally diverse 
source of novel bioactive molecules. Natural products (NPs) are 
encoded to interact with proteins associated with a myriad of 
diseases or proteins present in infectious agents such as 
bacteria, fungi or viruses because they are biosynthesised by 
enzymatically catalysed reactions involving structurally related 
proteins.1 Advances in technology have allowed us to venture 
into extreme environments, such as the depths of the ocean in 
the search for novel chemistry. Marine environments have 
proven to be an excellent source for unique and novel NPs since 
they harbour organisms that occur nowhere else on earth. Key 
features of the chemical diversity reported from marine 
organisms overlap with that of approved drugs making marine 
NPs an important source for drug discovery.2 Marine drugs are 
becoming more prevalent; to date 14 marine NPs or their 
derivatives are registered drugs, and another 23 are currently in 
clinical trials.3 
Research suggests that many compounds isolated from marine 
invertebrates are produced by symbiotic microorganisms.4-6 In 
recent years this often touted claim has resulted in a major shift 
from investigations that target marine macro-organisms to 
those that target marine microorganisms.7,8 However, some of 

the NPs found in marine invertebrates are produced by obligate 
symbionts that are nearly impossible to grow without their 
marine invertebrate host. Furthermore, in certain cases 
secondary metabolites are made through biosynthetic 
pathways shared between host and symbiont.9 This is due to 
their long evolutionary connection, to the point where some 
microbes have lost the ability to survive on their own, making it 
difficult for researchers to access these NPs.10 
Marine fungi (mainly Ascomycota) are currently the most 
studied marine microorganism phyla, and over the last five 
years they have represented the most prolific source of new 
NPs from the marine environment.11 However, a closer 
examination of these compounds shows that 70% of these 
fungal MNPs isolated post 2015 are structurally similar to the 
fungal compounds isolated before 2015.8 
This suggests that despite intensive isolation efforts, the 
discovery of novel marine fungal NPs is relatively low. Further 
investigation of the NPs isolated from marine fungi showed that 
there is no clear distinction between marine fungal NPs 
obtained from the different habitat niches.8 This clearly 
suggests that the identity of the species producing the 
compounds is more important than the location the species has 
been collected from. Likewise, Hernandez et al. (2021) have 
highlighted the importance of targeting more unique 
understudied bacterial phyla in order to fully access the 
microbial dark matter.12 
This initial analysis of marine fungal chemical diversity 
highlighted a potential problem with the changed focus in 
marine NPs research. The redundancy in fungal marine NP 
structures may reflect a broader problem since a cursory 
analysis of the literature suggests that many of the NPs reported 
from marine microorganisms appear to be remarkably similar 
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to those produced by terrestrial microorganisms. Marine 
microbes sourced using current methodology might therefore 
have a relatively low likelihood of producing novel compounds, 
with most of their chemical diversity being accessible from 
cheaper terrestrial sourced microorganisms. One could 
therefore hypothesise that the predominance in the use of 
standard isolation techniques and culture media (previously 
developed to specifically isolate and grow terrestrial soil 
microorganism), will lead to the growth of “terrestrial-like” 
microbes that produce “terrestrial-like” compounds. 
In this highlight review we investigate in detail the structural 
similarity between NPs produced by marine and terrestrial 
microorganisms. The aim of this study was to identify 
limitations in current marine microorganism NP discovery 
efforts and help guide research in the marine environment that 
is likely to be the most promising for discovering unique and 
novel NPs. 

Methods 
This study is based on the meta-analysis of two large NP 
databases; the MarinLit database, which covers compounds 
isolated from the marine environment between 1956 and 
202011 and the NP Atlas database, which contains compounds 
isolated from microorganisms and published between 1877 and 
2020.13 
We combined the two datasets and assigned each compound to 
the biome it was reported from (marine or terrestrial). This 
resulted in the merged MarinLit and NPAtlas dataset, containing 
a total of 55,817 compounds. Of these compounds 22,761 are 
from terrestrial microorganisms, 9,598 are from marine 
microorganisms and 23,458 are from marine invertebrates, 
marine algae, and seagrass (for ease of reading, we will refer to 
this group as marine macro-organisms). 
The combined dataset was cleaned up prior to further analysis. 
Salts and halogens (chlorine and bromine) were removed from 
all structures and in silico deglycosylation was performed to 
remove terminal ring and linear sugars, using a recently 
published cheminformatics tool.14 
Using the ‘rcdk’ package in R,15 the isomeric smile codes of the 
55,817 NPs were used to generate the CDK extended molecular 
fingerprint for each compound.16 This path-based fingerprint 
considers the path of a given length (depth = 6) and takes ring 
features and atomic properties into account. This hashed 
fingerprint is captured by 1,024 bits, where each bit is assigned 
1 or 0 depending on the presence or absence of particular 
structural features in the compound.17 This fingerprint was 
chosen due to its ability to represent a large variety of chemical 
properties, thus, ensuring that different structural groups were 
adequately distinguished. As an alternative, the analysis was 
also performed using the PubChem fingerprint, but this made 
minimal difference to the outcome of the analysis. 
Traditional k-means cluster analysis is not appropriate for 
binary data, therefore, a two-step cluster analysis was 
performed.18,19 First, the 1024 fingerprint dimensions were 
reduced using the logistic principal components analysis (PCA) 
described by Landgraf and Lee.19 This had the added benefit of 

avoiding overweighting of correlated dimensions, while also 
removing those dimensions that did not distinguish chemical 
differences. This resulted in a reduction of the dimensions from 
1024 to 85 principal components while still explaining 95.5% of 
the variation in the fingerprints. Second, a k-means cluster 
analysis was performed using the 85 principal components 
identified by the logistic PCA. A clustering level that explained 
85% of the within sums of squares was selected based on visual 
inspection of the traditional “knee plot”. This resulted in the full 
dataset being classified into 5,000 clusters. Using a clustering 
level that explained >85% sum of squares (and thus more 
clusters) did not change the overall results. 
As a second approach, Bemis and Murcko scaffolds20 were used 
to analyse the overlap of the scaffold diversity. Murcko 
frameworks are generated by removing all side chains from a 
molecule leaving behind only the ring systems and the linkers 
that connect the rings. These scaffolds are a useful way to 
investigate the main ring system of a compound, as this is often 
at the core of what defines the uniqueness or novelty of a 
molecule.21 
Once molecules were assigned to clusters and scaffolds, their 
overlap/nesting amongst taxonomic and biome groupings was 
evaluated using common similarity metrics (Simpson and 
Jaccard similarity). Only a subset of structures is shown in the 
review but compound numbers for NPs mentioned but not 
included are italicized. All structures discussed in the text and 
more detailed additional graphics are available in the ESI†† 
document. 

Results and Discussion 
As sea water is relatively rich in halides, marine organisms often 
incorporate these elements into their metabolites through 
enzymatically catalysed reactions using enzymes such as 
vanadium bromoperoxidase.22,23 The high proportion of marine 
NPs that contain bromine and to a lesser extent chlorine has 
therefore become a distinguishing feature of marine NPs.24 
However, analysis of our extensive data set shows that this does 
not translate to the microbial NPs. While 10.1% of all the marine 
invertebrate NPs, and 36.8% of the marine plants NPs contain 
bromine, only 1.8% of the marine microbial NPs contain 
bromine, which is only slightly higher than the 0.7% found in 
terrestrial microbial NPs. In comparison chlorinated NPs are 
present in 4.5% of the marine invertebrate and 15.6% of the 
marine plant NPs, while 7.0% of the marine microbial NPs and 
5.1% of the terrestrial microbial NPs contain chlorine. We infer 
from this analysis of microbial NPs that bromination is rare in 
cultured microbes, while chlorination may occur under 
laboratory culture conditions, but is independent of 
microorganism biome source. Since bromine and chlorine 
content in the marine microbial NPs (1.8%, 7.0%) was similar to 
terrestrial microbial NPs (0.7%, 5.1%), it was deemed safe to 
remove the halogens from the structures prior to similarity 
analysis. This approach was chosen because we wanted to 
specifically analyse the core frameworks present in NPs since 
these are linked directly to their biosynthesis. Whereas 
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halogenation and glycosylation often occur after the core 
structure is biosynthesised. 
A molecular fingerprint consists of binary bits that are turned 
on or off depending on if a compound contains a specific 
chemical feature, therefore giving a holistic view of the 
structure that allows for assessing molecular similarity.17 
Cluster analysis of the NP fingerprints grouped structurally 
similar NPs into clusters that were able to be assigned as either 
marine only, terrestrial only or of mixed origin. This paper 
mainly focuses on the results of the fingerprint cluster analysis, 
while intermittently referring to the scaffold analysis. Both 
analyses however accorded similar results. 
 
Structure comparison of marine versus terrestrial microbial NPs 

The fingerprint cluster analysis showed that 76.7% of all the NPs 
isolated from marine microbes are nested amongst NPs 
produced by terrestrial microbes (Fig. 1). 
Therefore, only 23.3% of the NPs isolated from microbes 
collected from the marine environment can be considered 
different from NPs derived from terrestrial microbes. The 
number of fingerprint clusters that define this structural 
diversity was even lower with only 12.8% of the clusters being 
unique to marine microbes to date. Further analysis of 
fingerprint clusters distinguished by NP taxonomic source 
showed that marine fungal NPs are nested with terrestrial 
fungal NPs at a higher relative proportion (74.6%) than marine 
bacterial NPs with their terrestrial counterparts (68.1%) (Fig. 
S3). This indicates that marine and terrestrial fungi are more 
likely to share common biosynthetic gene clusters or marine 
sourced fungi are more likely to be terrestrial “wash ins”. 
Additionally, clustering across the two kingdoms led to the 
increased overall nesting (76.7%), which resulted from both 
kingdoms being prolific producers of several common NP 
structure classes such as cyclic peptides, terpenes, and 
polyketides. 
Murcko scaffold cluster analysis indicated that 44.3% of marine 
microbe derived NPs scaffolds were also found in terrestrial 
microbe derived NPs. Translating this result into the total 
number of individual marine microbe derived NPs possessing 

scaffolds present in terrestrial microbes increases the nesting to 
76.0%. Therefore, 76.0% of all the NPs reported from marine 
microbes possess the same scaffolds as NPs derived from 
terrestrial microbes, (an identical result to that obtained from 
the fingerprint cluster analysis). In comparison, when the 
clustered Murcko scaffolds of the total microbial NPs, were 
grouped by taxonomic hierarchy only a 6% overlap (Jaccard 
Similarity) between fungi and bacteria derived Murcko scaffolds 
was observed. This translated to 12.9% of the bacterial NPs, and 
10.2% of fungal NPs sharing common scaffolds across the 
biome. 
Many NPs reported from microbes, especially Cyanobacteria, 
are cyclic peptides or polyketide macrolides, and modifications 
of amino acids to generate thiazoles, oxazoles and other 
moieties are common, leading to unusual scaffolds. However, 
some of these “unique” Murcko scaffolds simply reflect 
variation in the amino acid substitution patterns, with 
incorporation of prolines into the cyclic peptide backbone or 
substitution of non-cyclic side chain amino acids with aromatic 
amino acids leading to unique scaffolds of otherwise common 
oligomeric cyclic peptides. These small differences, likely 
produced nonribosomally or by post-translational 
modifications, can make closely related scaffolds appear 
unique.25 Clustering the scaffolds in a similarity chart in 
DataWarrior26 confirmed these suspicions, showing clear 
scaffold hubs of several closely related cyclic peptides (Fig. S34). 
This indicates that the overlap of scaffolds likely underestimates 
the clustering of NPs and suggests that some of the NPs 
currently found in marine only scaffold clusters are truly nested 
within terrestrial NP clusters. 
 
A phylum level investigation of the marine/terrestrial chemical 
diversity overlap 

Most of the dataset contains NPs reported from seven 
microorganism phyla, with the largest representation from 
Ascomycota, followed by Actinobacteria, Basidiomycota, 
Cyanobacteria, Proteobacteria, Firmicutes and Bacteroidetes 
while the remaining NPs are reported from all other phyla 
(Table 1). These numbers alone highlight a skewed diversity, 
considering that chemical diversity correlates with species 
diversity.12 
Fingerprint cluster analysis of the marine microbe derived NPs 
versus terrestrial microbe derived NPs at a phylum level showed 
that the nesting occurred at different percentages across the 
different phyla (Fig. 2). Ascomycota and Actinobacteria, 
representing most of the dataset (41%), had 23% and 21% of 
their NPs within uniquely marine clusters, respectively. By 

Phylum Total Number 
of NPs 

Percentage of these NPs 
found in the Marine Biome 

Ascomycota 15,455 39.4% 
Actinobacteria   7,380 26.8% 
Basidiomycota   3,766    2.2% 
Cyanobacteria   2,017 39.3% 
Proteobacteria   1,923 22.2% 
Firmicutes      604 30.0% 
Bacteroidetes      151 33.1% 
Remaining Microbial Phyla      115 11.3% 

20,674 9,443 2,242 

76.7% 23.3% 
58.5% 41.5% 

22,761 
9,598 

Table 1 Distribution of microbial NPs in the dataset * 

*The dataset contains 32,359 microbial NPs, with 9,598 reported from marine and 
22,761 from terrestrial microbes. 243 of these microbial NPs have been reported 
in biota from both biomes. 
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comparison, Cyanobacteria had a substantially higher 
proportion (37%) of uniquely marine NPs. Cyanobacteria 
represent a unique group of microorganism, since they often 
grow as multicellular filaments or blooms in the environment, 
which in turn allows them to be collected en masse in a similar 
way to a macro-organism collections.27 This wild harvesting of 
cyanobacteria is in stark contrast to the collection of a single 
bacteria or fungal strain in the wild, followed by laboratory 
isolation and culturing prior to an investigation of their NP 
chemistry. Cyanobacteria therefore already grow in optimum 
growth conditions potentially forming complex host-symbiont 
relationships, which leads to the production of unique 
secondary metabolites. 
Marine Bacteroidetes, also showed a higher proportion of 
uniquely marine compounds (36%). These uniquely marine 
Bacteroidetes NPs are mainly from two genera; Mooreia a 
uniquely marine species associated with a sponge and 
Cytophaga. Mooreia are prolific producers of unique alkaloids 
such as marinoazepinone A (1), marinoaziridine A (2) and 
marinoquinoline A (3), some of them showing nM and highly 
selective bioactivity against the protozoan parasite Plasmodium 
falciparum that causes malaria.28-30 Cytophaga spp. produce a 
group of cyclic polysulfides 4 that are uniquely marine.31 
Basidiomycota and Proteobacteria both showed slightly below 
average uniqueness, (17% and 16% respectively). Closer 
inspection of the biota sources for the NPs in the marine only 
clusters associated with Proteobacteria revealed that 41.2% of 
the NPs were from strains isolated from marine macro-
organisms, 33.8% isolated from sea water or sediment and 5.9% 

isolated from hydrothermal vents. Lastly, NPs isolated from 
marine Firmicutes were almost exclusively nested amongst 
fingerprint clusters associated with terrestrial NPs (91%). 
Although Firmicutes are widely distributed in marine 
environments and show some promising antibacterial 
properties, it is surprising that less than 200 NPs have been 
isolated from marine sourced strains of Firmicutes to date.32,33 
 
Investigation of microbial NPs that are cosmopolitan 

The significant overlap between current sourced marine and 
terrestrial microbial NP diversity is problematic from a marine 
biodiscovery perspective, because it has been estimated that 
the cost of doing marine-based research is an order of 
magnitude more expensive than equivalent land-based 
studies.34 Current collection, isolation and culturing strategies 
for marine microorganisms are clearly failing if the specific goal 
of marine based biodiscovery is to isolate uniquely “marine” 
chemistry since the majority of outcomes to date are the 
isolation of slightly modified terrestrial NPs. These NPs can be 
considered ‘me too’ compounds using the vernacular of drug 
development35 and there is every likelihood that simply 
collecting soil from a local terrestrial environment will result in 
the isolation of comparable chemical diversity. 
The 30 largest shared clusters, containing between 40-67 NPs, 
are associated with either subgroups of polyketides (linear, 
polyaromatic 5, 6 and macrocyclic 7), peptide 8, or to a lesser 
extent alkaloid structure classes 9-11. Comparatively, it is not 
surprising that NPs isolated from species in the same genera, 
but collected from either terrestrial or marine biomes, produce 
structurally similar compounds. This is especially the case if one 
considers that the same isolation and culturing techniques are 
often used irrespective of the ecological and physicochemical 
conditions of the natural environment where the 
microorganism resides. It is well known that in order to tap into 
uncultured microbial dark matter, a reputed source of unique 
chemistry, it is necessary to adjust isolation and culturing 
conditions to mimic the natural habitat.36 This requires the 
judicious use of tailored conditions, including low nutrient 
media, extended incubation times and natural macro-organism 
and/or microorganism interactions.36 However, most studies 
leading to the production of NPs in this dataset have used easily 
accessible isolation and culture methods well suited to the 
growth of cosmopolitan and fast growing species, with the 
outcome being the predominant production of ‘me too’ NPs. 
To minimise the chances of this outcome, it is imperative that 
diverse microbial collection libraries that capture the true 
diversity of the marine microbial community and include 
understudied microbial biota are created.12 To this end 
bioinformatics platforms should be used early on in the isolate 
selection process to target unique biota or biosynthetic gene 
clusters within biota.37,38 Cheminformatics platforms such as 
GNPS should be used to prioritise unique singletons or clusters 
rather than prioritizing molecules that cluster with known 
structure classes.39 The recent developments of NMR based 
dereplication methods more tailored to identify uniqueness 

21% 
16% 

9% 17% 36% 37% 
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such as the DOSY NMR molecular weight prediction tool should 
also be considered.40 
 
Investigation of microbial NPs that are uniquely marine 

Further analysis of the NPs that were in marine only fingerprint 
clusters showed that certain genera produce a higher 
proportion of NPs that were not related to NPs found in 
terrestrial microbes. This highlights the importance of the 
uniqueness and diversity of strain selection when considering 
marine microbial NP discovery. Assessing if these genera and 
their constituent species are exclusively present in marine 
habitats or are more cosmopolitan can be challenging, because 
there is often no clear distinction made in the literature about 
the habitat preference for specific microorganism species. 
However, a search of the World Register of Marine Species 
(WoRMS)41 for each of the genera and a subset of their species, 
showed that the majority of microbe species were reported 
from both marine and terrestrial environments, while only a 
few have been reported to be uniquely marine.  
The top five genera that produced the largest number of 
uniquely marine compounds were Aspergillus, Streptomyces, 
Penicillium, Moorea and Micromonospora. However, for 
Aspergillus, Streptomyces and Penicillium this is just a reflection 
of the disproportionately large number of studies that focus on 
these cosmopolitan genera with only a small number of species 
potentially being uniquely marine. By comparison, the top five 
genera in terms of the proportion of NPs that are uniquely 
marine are Cytophaga, Pseudopestalotiopsis, Chrysosporium, 
Pseudonocardia and Polyporales. The top five genera that have 
both highest number of uniquely marine and the highest 
proportion of uniquely marine NPs are Okeania (a uniquely 
marine cyanobacteria), Spiromastix (found in the deep sea and 
terrestrial environments), Actinoalloteichus, Micromonospora, 
Epicoccum (all reportedly present in both terrestrial and marine 
environments), and Pseudopestalotiopsis (an endophyte 
reported in both terrestrial and marine environments) (see ESI 
for more details). 
A closer inspection of NPs associated with marine only 
fingerprint clusters, highlighted important discoveries that 
come from targeting marine microbes. Specifically targeting 
uniquely marine species, such as the cyanobacterium genus 

Okeania led to the isolation of several bioactive NPs, such as the 
cyclic peptides odobromoamide (12) and the kohamamides A-C 
(13-15), both exhibiting cytotoxicity against cancer cell lines,42,43 
and irijimasides A-E (16-20), a group of macrolides showing 
promise as therapeutic agents against bone-loss diseases.44 
Extensive studies of actinobacteria from the genus 
Micromonospora collected from the South China Sea led to the 
discovery of uniquely marine NPs such as the microsporanates 
A-F (21-26),45 pyrazolofluostatins A-C (27-29)46 and sungeidines 
A-H (30-37),47 with the Micromonospora strains collected at 
varying depths -1,565m, -30m and from mangrove sediments 
respectively. Nesteretal A (38), possessing a novel carbon 
scaffold was isolated from a moderately halophilic coral-derived 
actinomycete Nesterenkonia halobia,48 while a recently 
discovered species collected at a depth of 3865m, 
Marinactinospora thermotolerans, produced new marine 
alkaloids, marinacarbolines A-D (39-42).49 These NPs highlight 
that chemically unique molecules can be found in the marine 
environment, however, it is essential that great care is taken in 
choosing unique marine genera with a focus on the appropriate 
cultivation methods to suit these understudied genera. 
Although very few of the NPs isolated from Firmicutes sourced 
from marine habitats were found in uniquely marine fingerprint 
clusters, two deep-sea collections produced some uniquely 
marine NPs. These were the subtipyrrolines A-C (43-45), which 
possess an unprecedented pyrrole-pyrrole-dihydropyridine 
tricyclic ring system,50 and the new diterpene indole alkaloid 
halomide (46).51 Both were isolated from non-marine specific 
Bacillus species (B. subtilis and B. amyloliquefaciens), but were 
collected at great depth, 2,476m and 11,000m respectively.50,51  
One marine ecosystem that one would consider to be unique is 
the deep-ocean and it should therefore be a prolific source of 
uniquely marine chemical diversity. Calculation of the 
percentage of marine microbes specific NPs versus total 
microbial NPs found at a depth of over 1000m (35.3%) is higher 
than NPs reported from species collected at shallower depths 
(22.2%, Fig. 6). However, once the overlap with marine specific 
NPs found at lesser depth was considered, only 13.5% of the 
deep-sea microbial NPs were unique. What this means is that 
most of the NPs unique to the marine environment that have 
been isolated from deep-water microbes (62%) were also found 
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in shallow water marine microbes. It is therefore questionable 
whether the cost of deep-sea collections is worth the reward. 
Surprisingly, none of the deep-sea microbe investigations have 
used high pressure or extreme temperatures (either ambient (4 
°C) or near hydrothermal vents (100 °C)) during strain isolation 
and culturing and therefore do not use conditions that mimic 
the natural environments of the microbes.  
Analysis of the geographical distribution of the collection 
locations associated with marine microbial NPs shows that the 
hotspots of relative high percentage of marine only clusters 
(yellow and light green) are scattered throughout the world’s 
oceans (Fig. 7). This suggests that distance from larger 
landmasses does not affect uniqueness of NPs found in the 
marine environment. However, further analysis of the uniquely 
marine hotspots showed that certain research groups have 
achieved a high success rate in finding uniquely marine NPs. 
Research groups led by Gerwick (Oregon, USA),52-54 Moore 
(Hawaii)55,56 and Tan (Singapore),57,58 have all isolated marine 
specific cyanobacterial NPs. A focus on genome mining has 
resulted in the Chines group successfully isolating new NPs from 
Actinobacteria. Totopotensamide C (47) isolated from a 
Streptomyces sp.59 and the sungeidines (30-37) isolated from a 
Micromonospora,47 both collected around Malaysia are 
examples of their success. Groups led by Proksch (Germany) 
and/or Lin (China) have successfully isolated uniquely marine 
NPs from deep-sea sediments from the South Atlantic Ocean.60-

62 Interestingly, a major sampling effort has occurred in the 
North Pacific Ocean, especially around the Chinese and 
Japanese Coastlines, with some locations yielding up to 400 new 
compounds (Fig. 7). Marine Ascomycota have been studied 
extensively in this area but most of these studies have yielded 
‘me too’ compounds. Studies that resulted in the discovery of 
unique chemistry like the scedapins A-E (48-52), from the South 
China Sea,63 mainly came from either deep-sea collections,64 
endophytic fungi65 or applying special culturing techniques such 
as OSMAC.66 
An investigation of the culture media used to cultivate 
microorganisms that produced marine specific NPs revealed 
that most studies used potato dextrose or rice in seawater or 
sea salts, but few studies used marine specific agar. Although 
many of the papers use an OSMAC approach or manipulation of 

culturing conditions, we were surprised how few studies used 
more specific techniques such as iChip,67 co-culturing68 or other 
advanced technologies like genome mining,69 even though 
these techniques have proven to be effective at generating 
unique chemistry. The complexity in understanding the drivers 
of structural uniqueness in NPs obtained from marine 
environments is clearly challenging. 
 
Chemical overlap between microbial and marine macro-organism 
NPs 

Several studies have demonstrated that some NPs reported 
from sponges, ascidians and bryozoans are produced by 
symbiotic microorganisms that live in or on the animal. 
Considering this, a reasonably large overlap in fingerprint 
clusters between the NPs derived from marine microorganisms 
and macro-organisms was expected. However, our analysis did 
not support this, since marine macro-organism NPs were 
present in clusters associated with NPs solely isolated from 
terrestrial microorganism to a much higher extent (27.5%) than 
with NPs isolated solely from marine microorganisms (7.2%) 
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with an additional 25.1% shared with cluster fingerprints 
common to both marine and terrestrial microorganisms. 
However, some of these shared clusters are carbon skeletons 
that are highly decorated with halogens in the NPs isolated from 
macro-organism but not within the NPs isolated from 
microorganism. As described earlier, the high proportion of 
halogenated NPs isolated from marine macro-organisms 
especially within the Rhodophyta, Bryozoa, Chordata and 
Porifera is a feature that distinguishes their chemistry from that 
derived from terrestrial biota. Therefore, these shared carbon 
skeletons are likely to reflect shared capabilities to 
biosynthesise carbon frameworks within both marine macro-
organisms and marine and terrestrial microorganisms, but 
many of the cultured microorganisms do not have the ability to 
enzymatically halogenate these skeletons. If one considers 
these halogenated NPs within the shared fingerprint clusters 
are different to a non-halogenated NP within the same cluster 
then these clusters should be split. Structures 5370 versus 5471 
and 5572 versus 5673 represent cases where non-halogenated 
microbial NPs cluster with halogenated marine macro-organism 
NPs (Fig. 8). 
When these clusters were split based on halogenation patterns, 
the overlap between NPs isolated from marine macro-

organisms and microorganisms was reduced by 10%, resulting 
in a total overlap of 48.9% of marine macro-organism NPs with 
all microbial NPs (Fig. 9). Some uniquely macro-organism 
derived compounds include pyridoacridine alkaloids, isolated 
from several phyla of marine invertebrates,74 and exemplified 
by the cystodytins A-C (57-59),75 the bromopyrrole imidazole 
alkaloids such as oroidin (60)76,77 and the agelamadins A and B 
(61-62),78 and the cytotoxic macrocyclic alkaloids haliclamines A 
and B (63-64).79 These compounds highlight the unique and 
biologically interesting chemistry that macro-organisms have 
the potential to produce. 
Interestingly, the proportion of NPs isolated from marine 
macro-organism that are present in clusters associated with 
terrestrial microorganism NPs remained much higher (23.0%, 
5,395 NPs) than the ones associated with marine microbial NPs 
(6.0%, 1,407 NPs), while 4,668 marine macro-organism NPs 
(19.9%) shared clusters containing NPs from both terrestrial and 
marine microorganisms. To some extent the higher 
representation of macro-organism NPs shared with terrestrial 
microorganism chemistry is unsurprising since the initial 
impetus to study marine microbial NPs resulted from the 
observation that sponge derived compounds such as the 
mycalamide A (65) and onnamide A (66) that are remarkably 
similar to pederin (67) isolated from a terrestrial bacteria 
endosymbiont of a beetle.80 
From a marine microorganism perspective, 38.7% of NPs 
reported from marine microbes cluster with marine macro-
organism NPs but only 9% of these NPs are associated with 
clusters that are uniquely marine. The inclusion of marine 
macro-organism NPs into the similarity analysis resulted in a 
further reduction in total unique marine microbial NP diversity, 
with only 1,373 marine microbe NPs (14.3%) considered to be 
different to either terrestrial microorganism and/or marine 
macro-organism NPs.  
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Fig. 8 Example of where non-halogenated microbial NPs cluster with halogenated 
marine macro-organism NPs. 
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An explanation for the smaller clustering of marine macro-
organism NPs with marine microbial NPs is that more NPs have 
been isolated from terrestrial microbial sources than from 
marine microbes. The study of marine microbial NPs is still 
somewhat in its infancy, and it is possible that the overlap 
between NPs reported from marine microbes and macro-
organisms has not, to date, been investigated thoroughly. 
Additionally, some marine microbes NP studies that have 
yielded known NPs might simply not have been published 
because of the need to report “new” chemistry. Nevertheless, 
the large overlap of marine macro-organism NPs and terrestrial 
microbial NPs indicates that selection of the next marine 
microbe to investigate needs to be done cautiously, to not 
waste time and effort isolating structurally similar ’me too’ NPs. 
Our analysis shows that some of this higher overlap between 
terrestrial microbial and marine macro-organism NPs is 
associated with terpenes and steroids isolated mainly from 
terrestrial Basidiomycota (only 2.2% of all Basidiomycota NPs 
are marine). A total of 1,201 NPs isolated from Basidiomycota 
were found at the intersection between the three groups 
(marine microorganism/terrestrial microorganism/marine 
macro-organism), and another 914 were found at the marine 
macro-organisms/terrestrial microorganism intersection. This 
indicated a large overlap of Basidiomycota NPs with NPs 
produced by marine macro-organisms. 
For each of the 18 marine macro-organism phyla the overlap 
with terrestrial microbial NPs was substantially higher than that 
between marine macro-organisms and marine microbes, with 
some phyla having no exclusive overlap with marine microbial 
NPs (Fig. S9). Investigating the structure classes associated with 
the overlap between marine macro-organism and 
Actinobacteria shows that it is driven by alkaloids, macrolides, 
and peptides, whereas the overlap between marine macro-
organism and Ascomycota is driven by terpenes, polyketides, 

steroids, macrolides and peptides. This is consistent for marine 
and terrestrial microbes.  
Interestingly, nearly all NPs reported from Arthropoda and 
Bacillariophyta show overlap with terrestrial microbial NPs, 
which arises from larger numbers of lipids found in Arthropoda 
and steroids in Bacillariophyta. Other phyla, such as 
Rhodophyta, Bryozoa, Porifera and Chordata show a large 
proportion (over 55%) of marine only NPs. 
One of the marine bacteria species that stood out as having an 
almost complete overlap of its NPs with marine invertebrate 
NPs is ”Candidatus Entotheonella factor”. This symbiont of the 
marine sponge Theonella swinhoei is a prolific producer of a 
range of NPs such as cyclotheonamide A (68), keramamide D 
(69) and onnamide A (66).81 These compounds were originally 
isolated from the sponge, but through genomic and 
biosynthetic studies are now identified as bacterial 
metabolites.81 Further studies on the biosynthetic gene clusters 
present in other Entotheonella species revealed them to be 
“super producers” of NPs, hence a promising source of new 
marine chemistry.82 Another microbial NP that did not cluster 
with any terrestrial NPs, is pateamine A (70), a cytotoxin initially 
isolated from the marine sponge Mycale hentscheli.83 The 
biosynthetic gene cluster producing pateamine A was recently 
identified to belong to Kiritimatiellaeota, a bacteria phylum 
previously not known to produce secondary metabolites.84,85 
Further investigation of M. hentscheli revealed an extensive 
bacterial consortium responsible for the production of the 
sponge’s chemistry, with many of them previously not known 
to produce NPs.85 
Halichondrin B (71), isolated from the marine sponge 
Halichondria okadai is suspected to be produced by a symbiotic 
microorganism.86 The macrocyclic lactone pharmacophore of 
halichondrin B inspired the creation of Eribulin mesylate (72), 
trademarked as Halaven® that is currently used to treat 
metastatic breast cancer.87 Even though halichondrin B is 
strongly suspected to be produced by a microbial symbiont, its 
microorganism source is still to be identified. In both the 
fingerprint clustering and the scaffold analysis, halichondrin B 
only clustered with other marine invertebrates’ compounds. 
These examples show that marine invertebrates and their 
understudied endosymbionts, if approached with the right 
techniques, are prolific sources of new marine NPs. On the 
other hand, it also shows that time and immense effort must be 
put into the collection, isolation, and cultivation of these 
endosymbiotic microorganisms, to isolate NPs that are likely 
similar to NPs more easily accessible from marine invertebrates. 
Therefore, there needs to be good justification for the study of 
marine microorganisms over their marine macro-organism 
hosts. These justifications may include investigations to resolve 
compound supply issues, to isolate novel genes associated with 
biosynthesis for combinatorial biochemistry, or to unravel 
configurational assignments in complex molecular structures 
for example. 
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Future Perspectives 
Our findings indicate that there is indeed a substantial overlap 
of the chemistry produced by marine microorganisms 
compared to their terrestrial counterparts. This does not 
detract from the fact that the marine environment is a major 
source of NPs with novel chemistry. However, research focus 
needs to shift more towards uniquely marine microorganisms, 
but a continued focus on marine macro-organisms, particularly 
those that harbour obligate symbionts that potentially produce 
many unique compounds is advisable. It would also be worth 
considering co-cultures with marine microbes that are known 
to harbour genes associated with halo peroxidases, to promote 
halogenation. 
Fenical, a pioneer in marine bacteria research, reemphasised in 
his recent editorial the importance of using unique and often 
simple culturing techniques in order to grow marine bacteria 
that are seemingly impossible to culture.88 The three main 
points he noted are; 1) increasing incubation times from weeks 
to months, 2) using extremely low nutrient agar, hence 
mimicking the natural concentrations of the ocean and 3) the 
simple but important notion of using seawater.88 Incubating for 
long periods such as months might not seem very efficient; 
however, if the results are novel strains producing novel 
compounds, we would strongly suggest it is worth it. 
Advances in 16S rRNA gene sequencing coupled with the 
analysis of biosynthetic gene clusters of unculturable bacteria 
can result in the identification of novel chemistry in microbial 
dark matter, which in the past was simply not accessible.89 
Using surrogate host bacteria to express these biosynthetic 
gene clusters, as has been reported for the aeronamides and 
polytheonamides produced from deep-rock biosphere DNA, 
highlights significant opportunities for future discovery of new 
secondary metabolites.90  
Genome studies on uncultured bacteria can also help identify 
marine bacteria that are closely related to a terrestrial relative. 
For example, the genome of the marine bacteria ‘‘Candidatus 
Desulfopertinax cowenii’’ modA32 shows a surprising similarity 
to its terrestrial relative, despite being collected from the deep 
subseafloor.91 In this case, it might be more cost effective to 
explore its terrestrial relative. In other cases such as the 
Entotheonella taxon, which has been identified as a rich source 
of biosynthetic gene clusters that promise new chemistry, it is 
likely to be worth pursuing culturing and biosynthetic studies.82 
Furthermore, metagenomics studies that allow for 
improvement of cultivation techniques, by adapting to the 
ecology of the uncultured bacteria, brightens future outlooks.36 
Common genera such as Streptomyces and Penicillium might 
still be worth investigating, however, only in combination with 
advanced dereplication tools, such as SMART92 that allow for 
the identification of unique chemical structures and avoids the 
isolation of ‘me too’ compounds. Reinventing GNPS39 as a tool 
to mine for unique chemistry rather than known compound 
clusters or DOSY NMR methods that can allow new structures 
to be identified from a mixture of NPs should be considered.40 
Utilisation of chemical ontology combined with structure-based 
classification systems such as that used in ChEBI,93 which 

combines expert knowledge with datasets, can also aid 
researchers to interrogate large cheminformatics data to 
identify bioactivity and important structural features.94  
A comparison between marine and terrestrial microorganism 
genomes and/or biosynthetic gene cluster analysis, analogous 
to the approach taken in this highlight, could further provide a 
complimentary perspective to direct future marine NP 
discovery. 

Conclusion 
This study shows that the current direction of marine microbial 
NP discovery is problematic. A 14.3% overall uniqueness in 
marine microorganism NP diversity is low both in comparison 
with terrestrial microbial and marine macro-organism NP 
diversity. Furthermore, this unique marine microbial NP 
diversity includes a subset of NPs obtained from cyanobacteria, 
a phylum where wild harvesting is generally used to access its 
NP diversity and thus does not generally rely on laboratory 
strain isolation and culturing. In comparison all other marine 
microorganisms need to be isolated from marine samples and 
then laboratory cultured. This has led to a low success rate in 
the discovery of unique marine microorganism NP diversity 
pointing to a need for innovation in strain selection, 
emphasising the importance of careful selection of 
understudied genera, and marine specific cultivation 
techniques. 
We hope that this snapshot of chemical diversity sparks further 
discussion and ideas that will help guide future collection and 
culturing efforts for the discovery of new and unique marine 
NPs. 
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