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The Versatile Natural Product Enzymology 
of Marine Microbial Communities

Keywords. biosynthesis; metagenomics; microbes; enzymes; 
biocatalysis; natural products; peptides; polyketides.

Abstract. Marine microbial communities are a wellspring 
of biochemical transformations, with discovery fueled 
by the ever-expanding development of biotechnological 
methodologies. Meta-omic strategies—from genome-based 
studies to enzymology and molecular-level investigations—
have shed light on the involvement of microbial dark matter in 
the biosynthesis of bioactive metabolites. Herein, we describe 
the enzymology and biosynthesis of natural products derived 
from marine invertebrates, highlighting the diversity of this 
vast biochemical resource. 
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1. Introduction
Marine natural products can derive from a variety of sources 
ranging from eukaryotic and prokaryotic microorganisms to 
diverse metazoans. Although these life forms represent a 
broad taxonomic range, marine bacteria have maintained a 
prominent role as extensive producers of bioactive specialized 
metabolites. Around 70% of all marine-derived bacterial natural 
products reported until 2020 were isolated from the genus 
Streptomyces.1 While this abundance may suggest that efforts 
should be focused on studying the biosynthetic repertoire of this 
genus, there is mounting evidence that understudied producers 
and ecological niches are associated with novel chemistry and 
structural diversity. This is exemplified by groundbreaking 
work on other marine actinomycete groups spearheaded nearly 
twenty years ago,2 and includes the discovery of the phase 
III anticancer candidate salinosporamide A from Salinispora 
tropica.3

Early observations noted that many bacterial compounds bear 
resemblance to natural products isolated from chemically rich 
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marine invertebrate groups (Figures 1 and 2). This significant 
overlap suggested that a multitude of substances previously 
attributed to macro-organisms may be assembled by members 
of their associated microbial community or obtained from a 
food source.4-7 An example is the macrolide swinholide A that 
has been isolated from several sponges including Theonella 
swinhoei and an Ircinia species. A portion of the molecule, 
including the configurations of each asymmetric carbon, is 
shared by the cyanobacterial natural product scytophycin C 
from Scytonema pseudohofmanni.8-12 This level of molecular 
and stereochemical conservation suggested the existence of a 
bacterial producer, and ultimately a free-living bacterial source 
was identified for the swinholides and related congeners.10,11 

Structural overlap of this kind has been identified for various 
other sponge- and tunicate-associated natural products 
including those shown in Figures 1 and 2. 

The formative discoveries and biosynthetic insights in 
marine and terrestrial actinomycetes and other bacteria13,14 
have led to a better understanding of metabolic contributions 
in marine invertebrates such as sponges, tunicates, bryozoans, 
and their symbionts. Invertebrate microbiomes can vary 
from a few detectable extra- or intracellular bacteria to 
spectacularly complex and abundant microbial consortia, the 
characterization of which is limited by the uncultivated nature 
of most symbiotic bacteria. Modern sequencing methods can 
reveal the genetic composition of these communities, thus 
providing insights into the molecular functions and enzymology 
involved. The technological capabilities in microbiome 
research have become increasingly more complex and 
powerful, facilitating the study of the most intricate systems 
at a molecular level and in a cultivation-independent manner. 
Earlier investigations of natural products in uncultivated 
microbiomes relied mostly on the construction and screening 
of large environmental DNA libraries,15,16 gene targeting,17 
prediction of molecular structures from gene sequences,18–20 
and in situ hybridization.  More recently, next-generation 
metagenomic and single-cell sequencing21,22 have enabled the 
expansion of our knowledge in this area. Some of the first 
marine studies have been conducted on sponge holobionts 
due to their unparalleled chemical opulence. Key evidence 
for a biosynthetic role of symbiotic bacteria arose from the 
aforementioned observation that structurally similar, or even 
identical, molecules have been isolated from distantly related 
organisms, including other hosts. For example, the pederin 
family of defensive polyketides occurs in various distantly 
related sponges as well as insects.15,17,23–25 The evolutionary 
relationship between the biosynthetic pathways in all producing 
holobionts facilitated the isolation of the biosynthetic gene 
clusters (BGCs) from DNA libraries, leading to evidence of 
prokaryotic origin and knowledge about the relevant producing 
enzymes.26 Surprisingly, this work revealed a chemically rich 
sponge symbiont of the candidate genus “Entotheonella” that is 
responsible for generating numerous polyketides and peptides 
previously isolated from the examined sponge host. Of note, 
earlier mechanical bacterial enrichment and natural product 
extraction studies conducted on another sponge had suggested 
a biosynthetic role of “Entotheonella” for unrelated peptides.27

Strategies based on known enzymology in free-living bacteria 
provided insights into the biosynthesis of chlorinated dipeptides 
and polybrominated diphenyl ethers (PBDEs) in Dysideidae 
sponges harboring variants of the cyanobacterial symbiont 
Hormoscilla (formerly Oscillatoria) spongeliae.28-30 For sponge 
dipeptides such as dysidenin, a candidate halogenase gene was 
identified based on a homologous sequence for a chlorinase 
involved in the biosynthesis of the structurally related barbamide 
from a culturable cyanobacterium (Figure 3).28 The compounds 
were attributed to H. spongeliae through fluorescence-
based cell sorting coupled to mass spectrometry.29,30 In an 

Figure 1. Structurally Related Natural Products from Sponges and 
Bacteria.
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independent study, knowledge from a Pseudoalteromonas PBDE 
gene cluster31 allowed for the identification of the PBDE genes 
in the sponge metagenome.31,32 Here, the assignment to the 
symbiont H. spongeliae was accomplished by comparison to 
sequences of homologues deposited in GenBank® as well as the 
high representation of H. spongeliae in the 16S rRNA gene pool. 
Heterologous expression of BGC (biosynthetic gene clusters) 
portions in a cultivable cyanobacterium led to the production 
of the sponge-derived metabolites.31,32 

While sponges are the most bountiful known marine source 
of symbiont-derived natural products, other chemically rich 
hosts do exist. Various compounds that are remarkably similar 
to those of bacterial origin are known from tunicates including 
enterocin, staurosporine, (also found in mollusk and flatworm 
host), and didemnin A.33 The first example of an identified 
symbiotic producer from a tunicate was reported for the 
cytotoxic patellamides. These cyclic peptides were isolated 
from the tunicate Lissoclinum patella and were later confirmed 
to originate from the cyanobacterial symbiont Prochloron 
didemni.34,35 In one case, Prochloron cells were isolated from 
L. patella, allowing for the extraction and sequencing of the 
genomic DNA.34 A homology search of the draft genome 
revealed the coding sequence for the ribosomally synthesized 
patellamides. Subsequent functional expression in E. coli showed 
that it is possible to heterologously produce compounds from 

an invertebrate symbiont in a laboratory host. A simultaneous 
effort applying a shotgun cloning approach to generate 
bacterial artificial chromosomes facilitated expression in E. coli 
and detection of heterologous patellamide production.35 This 
foundation paved the way for follow-up studies surrounding the 
exchange of metabolites within the L. patella holobiome.36 

For bryozoans, pioneering work revealed the bacterial 
producer of the cytotoxic bryostatins (Figure 4) from the 
bryozoan Bugula neritina and set the stage for further studies 
on the biosynthetic genes.37 Degenerate PCR primers were used 
to amplify predicted polyketide synthase (PKS) gene regions in 
the animal, and in situ hybridization using PKS mRNA and 16S 
rRNA probes localized the PKS genes to a single bacterium with 
the proposed name “Candidatus Endobugula sertula.” Follow-
up studies involved isolation of the BGC from metagenomic and 
“Ca. E. sertula” enriched, DNA-derived cosmid libraries.38–44

One of the first metagenomic sequencing-based approaches 
was applied to the anticancer compound ET-743 from the 
mangrove-associated tunicate Ecteinascidia turbinata. The 
natural product shares a tetrahydroisoquinoline (THIQ) core 
with various compounds from cultivable bacterial sources 
including Streptomyces lavendulae (saframycin A), Myxococcus 
xanthus (saframycin Mx1), and Pseudomonas fluorescens 
(safracin B) (Figure 3).45 First, a phylogenetic analysis of 
the bacterial diversity in the tunicate identified “Candidatus 

Figure 2. Biologically Active Compounds Available from Multiple Marine Invertebrate and Bacterial Sources.
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Endoecteinascidia frumentensis” as a probable producer due 
to its ubiquitous presence in ET-743-positive samples. An 
interdisciplinary approach was subsequently applied, which 
involved mass spectrometry (MS) based molecular analysis, 
cloning-independent next-generation sequencing, and 
metaproteomics. The raw sequencing reads were sorted based 
on sequence similarity to the BGCs for congeners of free-
living bacteria. Further rounds of sequencing uncovered the 
complete “Ca. E. frumentensis” genome and additional ET-743 
biosynthetic genes.46

These discoveries have led to the realization that marine 
invertebrate microbiomes have remarkable potential for 
diverse and new biochemical transformations. From peptides to 
polyketides and from early- to late-stage functionalization, the 
biochemistry occurring in marine microbial systems is among 
the most complex with an impressive diversity of structures, 

Figure 3. Molecules Derived from Marine Sponges, Tunicates, and Microorganisms. Pederin and Onnamide Are Produced by Related Enzymes, 
but Different Symbionts. The Biosynthetic Enzymes Responsible for Halogenation in Free-Living Bacteria Are Comparable to Those in Microbial 
Systems. The Patellamide Gene Cluster Was Identified by Isolation of the Producing Cyanobacterium. The Shared Core of ET-743 and Safracin B 
Indicate Homologous Biosynthetic Gene Clusters.
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pathway types, novel biochemistry, and bioactivities (Figure 5). 
Herein, we describe the enzymology and biosynthesis of marine-
invertebrate-derived natural products with the potential to 
impact human health and the environment. By covering a variety 
of host organisms and a broad chemical space, this review aims 
to highlight the biochemical diversity of this vast resource and 
provide a perspective on the future directions of the field.  

2. Unusual Enzymology from Microbiomes of Marine 
Invertebrates
2.1. RiPPs
2.1.1. Cyanobactins
Ribosomally synthesized and post-translationally modified 
peptides (RiPPs) represent a diverse natural product superfamily 
of genetically encoded peptides processed by maturation 
enzymes.47 RiPP biosynthesis usually involves the modification 
of a precursor peptide region referred to as the core. In addition, 
precursors can contain N-terminal leader and/or C-terminal 
follower regions that are cleaved off after modification of the 
core to generate the final natural product. The cyanobactin 
family of RiPP natural products was first reported in studies 
on the cytotoxic patellamides, isolated from the tunicate L. 
patella, but were later found to be more widely distributed in 

various symbiotic and free-living cyanobacteria.34,35 These 
RiPPs are modified by a small number of relatively conserved 
biosynthetic enzymes, but cover a broad range of structural 
diversity.48 The suite of cyanobactin biosynthetic enzymes can 
include heterocyclases, cyclodehydratases, macrocyclases, 
proteases, prenyltransferases, and methyltransferases, among 
others. The cyanobactin precursors can contain multiple core 
peptides divided by conserved recognition sequences that 
serve to guide the biosynthetic enzymes (RSII and RSIII on the 
N- and C-terminus, respectively). By introducing various non-
native cores into precursor peptides containing the recognition 
sequences, designer peptides or engineered libraries of 
cyanobactins can be constructed.49,50 Additionally, modification 
enzymes have been combined from different pathways to 
generate new macrocyclic scaffolds.51 For an overview of the 
biotechnological applications and synthetic biology potential of 
this diversity-generating approach, see the extensive review 
by Gu and Schmidt, 2017.52 Among the unique chemistry 
observed in cyanobactin biosynthesis is the one involved in 
heterocyclization. Whereas a complex of three enzymes is 
utilized in ribosomal peptide heterocyclization in microcin B17 
and streptolysin S,53,54 only a single component is required for 
thiazoline and oxazoline formation in patellamide and trunkamide 

Figure 5. Natural Products Clustered by Chemical Similarity Rather Than by Taxonomy of the Microbial Producer or Its Host. Remarkable Chemical 
Resemblance Is Observed Across the Natural Product Repertoires of Free-Living and Host-Associated Microbes. This Heatmap Displays the Pairwise 
Chemical Similarity (Tanimoto Coefficient) with Single-Link Hierarchical Clustering—Ranging from Least Similar (Yellow) to Most Similar (Dark 
Violet)—of Selected Natural Products Covered in This Review. The Colored Side Bars Correspond to Taxonomic Information About the Bacterial 
Producer (If Known) and the Host (If Known).
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biosynthesis.55 Based on detailed biochemical studies,55 it was 
hypothesized that the heterocyclases act by properly orienting 
the peptide through suitable acid–base chemistry to facilitate 
nucleophilic attack on the carbonyl adjacent to the imminently 

cyclized amino acid cysteine or serine/threonine.
The patellamides are also noteworthy for their macrocyclic 

structures formed by the PatG macrocyclase domain that can 
manipulate inactivated peptide bonds (Figure 6).34,56–59 The 
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enzyme catalyzes cyclization through proteolytic cleavage 
at the AYDG site followed by formation of an acyl–enzyme 
intermediate. A detailed structural analysis of the protein 
in complex with the AYDG peptide revealed the process for 
selective cyclization, as opposed to hydrolysis, through 
shielding of the active site from water.56,57

2.1.2. Polytheonamides
Further novel RiPP enzymology was discovered for the sponge-
derived polytheonamides—peptides that display potent 
cytotoxic effects, are comprised of 48 amino acid residues, and 
possess some of the most complex structures known in natural 
products. Polytheonamides contain a large number of non-
canonical amino acids that include 18 d-configured residues, 
amino acids with additional C-methyl branches, side-chain 
N-methylations, and hydroxylations (see Figure 6).59 Because 
of these features, they were initially regarded as nonribosomal 
peptides, but isolation of the BGC revealed them as products of 
an extraordinary RiPP pathway located in the bacterial symbiont 
“Ca. E. factor”. The ribosomal precursor PoyA features a leader 
region that resembles nitrile hydratases (nitrile hydratase 
leader peptide, NHLP), a signature of the proteusin family of 
RiPPs.58,59 Polytheonamides are the most extensively modified 
ribosomal peptides known to date, with the poy BGC encoding 
just six enzymes that install forty-nine posttranslational 
modifications in the precursor PoyA.59–64 These catalytic steps 
include (i) the unprecedented epimerization of the l to d form 
of all 18 d-configured amino acids by one enzyme, the radical 
S-adenosylmethionine (rSAM) epimerase PoyD; (ii) introduction 
of 8 Asn N-methylations by PoyE (rSAM-dependent), and (iii) 
dehydration by PoyF. Additionally, 17 C-methylation reactions at 
diverse sites—among them four that yield a terminal tert-butyl 
group—are catalyzed by the rSAM enzymes PoyB and PoyC. 
The rSAM superfamily catalyzes a variety of radical-mediated 
transformations in conjunction with a conserved [4Fe—4S] 
cluster. The LanM-like dehydratase PoyF has known homologues 
from other RiPP pathways, generally catalyzing the dehydration 
of serine and threonine to dehydroalanine and dehydrobutyrine.

The above modifications lead to the extreme structural 
complexity of polytheonamides and their orientation into a 
β-helical fold (β6,3), which acts as a transmembrane pore.65–67 In 
eukaryotic cells, membrane insertion results in cytotoxicity due 
to rapid depolarization as well as decreased membrane potential. 
Investigations with synthetic analogues of polytheonamide 
B found that the hydrophobic 5,5-dimethyloxohexanoate 
N-terminal region increases the cytotoxicity, possibly by aiding 
the partitioning of the hydrophobic membrane.68 

The insights into polytheonamide biosynthesis facilitated 
genome mining efforts for additional proteusin-type BGCs, 
revealing widespread homologues of rSAM epimerases and 
further unusual RiPP modifications in free-living bacteria. This is 
further explored in a recent review by Mitchell et al.60,62,63,69– 72 In 
the pathway for the new antiviral peptide landornamide A from 
a Kamptonema (Oscillatoria) sp. cyanobacterium, the peptide 
arginase OspR was identified that introduces ornithine residues 

into natural and non-natural target peptides (Figure 6, Part 
(c-i)).73 OspR is proposed to utilize a metal-bridging hydroxide 
in the active site to attack the guanidinium group of the RiPP 
arginine. Subsequent proton transfer and addition of water 
facilitates the loss of urea and the formation of l-ornithine. In 
another cyanobacterial (Pleurocapsa) BGC encoding proteusin 
and Nif11-type precursors, an orphan rSAM enzyme family 
was identified.60,70 Expression in E. coli revealed an unusual 
peptide-splicing process involving backbone carbon–carbon 
bond cleavage and net excision of a tyramine equivalent from 
tyrosine (Figure 6, Part (c-ii)).70 In this way, β-amino acids can be 
post-translationally incorporated into peptide products. Another 
RiPP mining study revealed that modification with fatty acids 
generates lipopeptides, of which one of the first examples was 
the Kamptonema-derived kamptornamide (Figure 6c-iii).74 The 
biosynthetic pathways for these lipopeptides were all found to 
contain a GCN5-related N-acetyltransferase (GNAT) responsible 
for installation of the lipid moiety.75 Recently, genome mining for 
polytheonamide-type pathways also resulted in the discovery 
of the cytotoxic congener aeronamide A from the culturable 
wastewater bacterium Microvirgula aerodenitrificans.76 This work 
underscored that, once the BGC for an invertebrate-derived 
natural product is known, homology searches in sequenced 
bacterial genomes may reveal culturable production sources as 
an alternative to the often challenging heterologous expression 
of symbiont BGCs.
 
2.2. Polyketides
Within symbiotic bacteria in particular, an unusual type 
of multimodular polyketide synthase (PKS), the trans-
acyltransferase (AT) PKS, is quite prevalent.23,77–80 A 
multimodular PKS is a megaenzyme consisting of modules that 
are each responsible for the incorporation of a single building 
block into the growing polyketide chain. While elongation requires 
the activity of three domains (ketosynthase, KS; AT; acyl 
carrier protein, ACP), a characteristic of the trans-AT systems, 
as opposed to the canonical cis-AT systems, is that the AT is 
present as a distinct enzyme separate from the megasynthase. 
The ACP is covalently modified with a phosphopantetheine arm 
containing a free thiol group onto which the AT loads the acyl 
building blocks for polyketide biosynthesis. A β-keto thioester is 
then generated via a KS-catalyzed Claisen-like condensation. 
The minimal module architecture can be supplemented by a 
ketoreductase (KR) for β-hydroxy formation, a dehydratase 
(DH) for α,β-desaturation, and an enoylreductase (ER) for 
reduction of the double bond. In addition to the presence of 
discrete ATs, numerous peculiarities in architectural diversity 
exist for the trans-AT PKS systems including unusual domain 
orders and unique domains, non-elongating modules, domains 
acting across modules, modules split between two proteins, 
and diverse trans-acting modifying enzymes.81

2.2.1. Pederins
The pederin family of antitumor polyketides was one of the 
earliest reported trans-AT systems.23,82 While pederin was 
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Gatorbulin

isolated from rove beetles, many other members of this 
polyketide family have been isolated from sponges and 
their associated microbiomes, including onnamide A from 
T. swinhoei,26,83,84 mycalamide A from Mycale hentscheli,85,86 
and psymberin from Psammocinia aff. bulbosa17,87 and Ircinia 
ramosa (Figure 7).88 An acyl hydrolase (AH) was identified in 
the pederin pathway and was found to act as a proofreading 
enzyme to remove stalled intermediates from PKS modules.89 
Now, homologues of this previously unassigned enzyme (PedC) 
are known to be widespread in trans-AT PKS systems. Another 
unusual pederin biosynthetic enzyme is the pyran synthase 
PedF90,91 with homologues involved in the biosynthesis of the 
bryostatins (see Figure 4)44 and sorangicin.92 The enzyme 
facilitates stereoselective ring closure while accepting various 
substrates, indicating its usefulness for biocatalytic processes. 
Lastly, one of the most distinct molecular features of pederin 
and the related sponge compound mycalamide A is the presence 
of the oxidized terminus (highlighted in yellow in Figure 7). 
The traditional even number of carbons in the polyketide chain 
is broken with a single carbon terminus generated through a 
putative oxidative cleavage catalyzed by PedG. An analogous 
reaction has recently been demonstrated for the closely related 
enzyme OocK, a Baeyer–Villiger monooxygenase that catalyzes 
oxygen insertion in the complex polyketide oocydin.93

2.2.2. Pelorusides
The peloruside biosynthetic pathway from a bacterial symbiont 
of the sponge Mycale hentscheli provides further evidence for an 
unusual module architecture of trans-AT pathways. Within the 
chemically rich sponge, almost all members of the microbiome 
jointly contribute to the chemical diversity.86,94 The derived 
compounds include members of three distinct polyketide 
families: mycalamide-type poisons,85 translation-inhibiting 
pateamines,95 and microtubule-inhibiting pelorusides.96,97 
Members of the latter compound family have attracted much 
attention as potential drug candidates. Microtubules are critical 
components for cell processes and are considered some of 
the most significant and promising targets for the successful 
development of anticancer therapies.98,99 Since the recognition 
of the tubulin dimer as a promising anticancer target, an 
assortment of new microtubule targeting agents (MTAs) 
have been discovered, many of which are natural products 
(Figure 8). Their various binding sites have formed the basis 
for differentiation of MTAs; including the maytansine,100 
colchicine,101 pironetin,102 and vinca alkaloid microtubule 
destabilizing agents (MDAs);103 and the taxane-104 and 
laulimalide-family105 microtubule stabilizing agents (MSAs)—all 
from natural sources such as plants and marine environments. 
Even just recently, the discovery of cyanobacterial gatorbulin-1 
has added a seventh binding site for microtubule-inhibition 
candidates.106 Mainly targeted for anticancer drug discovery 
purposes, the taxane site is affected by ligands such as the 
clinically approved paclitaxel (Taxol) and its analogue docetaxel 
(Taxotere®),107 along with the natural products epothilones,108,109 
zampanolide,110 dictyostatin,111 taccalonolides,112 and 
discodermolide.113 The sponge-associated natural products 
laulimalide114,115 and peloruside A96 are promising non-taxane-
site MSAs that have demonstrated potent inhibition against the 
growth of multidrug-resistant (MDR) cancer cells in addition to 
synergistic effects with Taxol and the epothilones.116 Due to the 
small amounts of isolated material, research efforts have been 
invested into M. hentscheli mariculture117,118 and total chemical 
synthesis.119 With the recent identification of the peloruside A 
BGC, further investigation into the biosynthetic machinery is 
expected to inform on production methods that are based on 
synthetic biology.86,94
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The assignment of the pel locus to peloruside production 
was based on the knowledge that phylogenetically related 
KS domains featuring similar sequence patterns accept 
intermediates carrying similar chemical moieties around the 
thioester.18 Partial intermediate structures can therefore be 
predicted from KS sequences (and vice versa). The automated 
structure prediction program TransATor19 was successful in 
predicting the linearized version of the peloruside structure.86 
However, due to the highly aberrant architectures of the 
second and third modules, the prediction substantially differed 
for the exocyclic moiety. These modules feature a series of 
non-elongating KSs (KS0), a condensation (C) domain that 
normally occurs in non-ribosomal peptide synthetases (NRPSs) 
to generate amide bonds, and two internal TE domains, which 
are usually positioned at the C-termini of PKSs and NRPSs to 
catalyze thioester hydrolysis or macrocyclization (Figure 9).86 

2.2.3. Calyculins
Another mixed trans-AT PKS/NRPS system with unusual 
architecture is that involved in the biosynthesis of calyculin. 
Calyculins A–H, incorporating a spiroketal structural feature at 
C-19, were isolated from the sponge Discodermia calyx, and all 
congeners displayed cytotoxic activity as protein phosphatase 
1 and 2a inhibitors.120–125 The similarly potent IC50’s (0.9–6 nM) 
for these eight antitumor agents indicate that the contribution 
of the tetraene moiety and presence or absence of a methyl 
group  at C-31 are negligible factors in determining the biological 
activity.123 The isolation of the calyculins—in addition to other 
cytotoxic metabolites such as the calyculinamides—from 
another sponge, Lamellomorpha strongylata, provided further 
evidence for microbes as the calyculin source (Figure 10).126 
Metagenome mining ultimately led to the identification of the 
microbial symbiont harboring the biosynthetic gene cluster, a 

member of the candidate genus “Entotheonella”.127 
Identified from the sponge metagenome of D. calyx, 

this BGC was consistent with the expected structure of the 
secondary metabolite (see Figure 10).127 With 29 KS domains 
and five adenylation (A) domains, this cluster is the largest 
hybrid cluster discovered to date. In the proposed biosynthesis, 
the starter serine is permethylated on the hydroxyl and amino 
groups by two methyltransferase domains to generate the 
trimethylseryl unit that constitutes one end of calyculin. It is 
worth noting that the number of carbons in calyculin from the 
trans-olefin to the terminal nitrile does not follow the typical 
rule of C2 elongation cycles in polyketide biosynthesis. It is 
proposed that the standalone oxidation domain CalD performs 
an α-hydroxylation of the β-hydroxyl substrate bound to 
the acyl carrier protein to produce a diol intermediate.127 
Subsequent dehydration of the diol with a dehydratase would 
generate an enol, leading to a spontaneous tautomerization 
to the α-ketothioester intermediate. Chain shortening could 
occur via a Baeyer–Villiger-type oxidation of the a-ketothioester 
to a mixed anhydride and Claisen condensation on the ester 

Figure 9. First Three Proteins of the Peloruside Biosynthetic Pathway, PelA, B, and C, and Proposed Biosynthetic Pathway. PelC Contains Unusual 
Module Architectures Such as an Internal Thioesterase and a Condensation Domain. Predicted Substrates Are Described above the KS Domains. The 
Modules Are Indicated by Color and Include the Following Domains: Acyl Ligase (AL); Ketosynthase (KS); Non-elongating KS (KS0); Ketoreductase 
(KR); O-Methyltransferase (OMT); Thioesterase (TE); Condensation (C); Dehydratase (DH). Smaller Spheres Are Used to Denote the Carrier 
Protein (ACP/PCP). Above Each KS Is the Substrate Prediction by TransATor. (Ref. 19,86)
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carbonyl. An alternative mechanism could involve a Favorskii 
rearrangement, as reported in ambruticin and enterocin 
biosynthesis.128,129 The phosphorylation of the calyculins, which 
involves the incorporation of pyrophosphate into calyculin A to 
generate phosphocalyculin A, led to the reassignment of the 
final product to the diphosphorylated analogue. Interestingly, 
disruption of the sponge tissue releases dephosphorylation 
enzymes that cleave the pyrophosphate, generating the 1000x 
more potent toxin calyculin A.

2.2.4. Bryostatins
The bryostatins represent another trans-AT system with 
unusual domain architecture (Figure 11). Initial loading,41 acyl 
transfer,130 and β-branching131,132 were demonstrated for this 
pathway. The β-branching cassette is a piece of biosynthetic 
machinery resembling features of terpene biosynthesis. 
It employs a 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 
synthase-type enzyme (HMGS) to catalyze a two-carbon 
addition to the β-carbonyl of the polyketide.133 In bryostatin 
biosynthesis, the nascent intermediate undergoes dehydration 
catalyzed by an enoyl-CoA hydratase (BryT, ECH1) to form an a,β 
double bond followed by O-methylation to generate the vinylic 
methyl ester (see Figure 11).132,134 Combination assays of BryT, 
BryA module 3, and S-adenosylmethionine in the presence 
of HMG-CoA led to dehydration followed by O-methylation. 
Interestingly, this enzymatic machinery requires a strict order 
of catalysis: BryU (ACP) donation of the acetyl unit to the 
β-carbonyl, dehydration catalyzed by BryT, and O-methylation 
by BryA. In other β-branching cassettes, ECH1 and ECH2 act 
concomitantly to catalyze dehydration and decarboxylation,135 
respectively, while the bry pathway involves a single ECH (with 
homology to standard ECH1) followed by O-methylation. 

Of significance, bryostatins 1 and 2 are agonists of protein 
kinase C,136 with the high potency of bryostatin 1 causing this 

molecular family to be among the most extensively studied 
marine natural products in clinical trials (see Figure 4). Among 
the various uses in the biomedical realm, bryostatin has 
demonstrated great potential as a combination chemotherapy 
agent, particularly with paclitaxel for esophageal cancer, 
as well as in treatments of fragile X syndrome, Alzheimer’s 
disease, and HIV.
 
2.3. Nonribosomal Peptides
Much like the above-described PKSs, nonribosomal peptide 
synthetases (NRPSs) are also organized into multidomain 
megaenzymes.137 NRP biosynthesis can incorporate 
proteinogenic amino acids in addition to other building blocks, 
which are selected and activated by the A domain. The C 
domain catalyzes peptide-bond formation with the building 
blocks tethered to a peptidyl carrier protein (PCP). Additional 
accessory domains, such as epimerases (E), can diversify the 
peptide scaffold. Furthermore, the N-terminus of the peptide 
can be modified with an acyl group, providing many biological 
benefits such as protection from degradation, polarity 
modulation, and the possibility of membrane insertion. In 
general, the biosynthesis is terminated by a TE (thioesterase) 
to form either a linear or cyclized peptide product.

2.3.1. Ecteinascidins
Various antitumor ecteinascidins have been isolated from 
E. turbinata, a colonial tunicate which grows on mangrove 
roots throughout the Caribbean and Mediterranean.138,139 A 
bacterial symbiont “Ca. Endoecteinascidia frumentensis” was 
later identified as the ecteinascidin producer.45,139,140 Their 
tetrahydroisoquinoline (THIQ) core has since gained a reputation 
as a significant drug scaffold for antiviral, immunosuppressive, 
and antitumor regiments. Ecteinascidin-743 (ET-743), the most 
recognized and studied of the ecteinascidins, contains three 
THIQ units and is most active against lung cancer, melanoma, 
and breast cancer cell lines.141 While earlier studies hypothesized 
that ET-743 acted through binding to microtubules,142 later 
ones found it to alkylate the minor groove of DNA (Figure 12), 
causing distortions and demonstrating high activity in cellular 
assays.143 The perturbation of the cell cycle induced by the 
binding of ET-743 is not entirely unusual for DNA-interacting 
drugs, but detailed observations led to the hypothesis that 
this molecule might modulate DNA by a different means 
compared to the minor groove binder tallimustine144, or major 
groove binder cisplatin.145 The success of ET-743 ultimately 
led to its development and commercialization as Yondelis® 

(common name trabectedin) by PharmaMar and Johnson 
& Johnson, with U.S. Food and Drug Administration (FDA) 
approval for the treatment of various forms of sarcoma. The 
commercialization of ET-743 was made possible by early, purely 
synthetic methods,146–148 while presently it is semi-synthetically 
manufactured from the natural product cyanosafracin B.149 

Advances in (meta)genomic sequencing technology also 
facilitated the discovery of novel biosynthetic machinery involved 
in the production of ecteinascidins.45,46,150 The chemical structure 

Figure 11. β-Branching Step in Bryostatin Biosynthesis Including 
Extension by a 3-Hydroxy-3-methylglutaryl-CoA Synthase-like Enzyme 
(HMGS) Using an Acetyl Unit from a Free-Standing ACP (Small Gray 
Circles), Dehydration by the Enoyl CoA Hydratase (ECH1), Methylation 
by the O-Methyltransferase (O-MT), and Isomerization by a Putative 
Enoylreductase (ER)-like Domain. (Ref. 132)
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of the ecteinascidins is similar to that of the THIQ-containing 
secondary metabolites saframycin A,151 saframycin Mx1,152 
safracin A,153 naphthyridinomycin,154 and quinocarcin.155,156 
Similar pieces of biosynthetic machinery were proposed to be 

involved in the generation of the a-hydroxyethyl moiety that is 
shared with naphthyridomycin and quinocarcin.157 Additionally, 
isotopic feeding studies with cell-free extracts of E. turbinata 
identified the diketopiperazine as the first committed precursor 
to ET-743.158 The BGC was identified by comparison with the 
similar pathways mentioned above.159–161 The ecteinascidin (etu) 
and saframycin (sfm) biosynthetic loci encode architecturally 
similar NRPS enzymes with a C domain-like Pictet-Spenglerase 
responsible for the formation of the THIQ core (Figure 13).45,162 
Other unusual ET-743 biosynthetic components include an 
E3 component of pyruvate dehydrogenase complex, EtuP3, 
responsible for generating the glycolyl-A-ACP extender unit 
for the NRPS. Additionally, the pathway hinted at a potential 
overlap between primary and secondary metabolisms.46

2.3.2. Keramamides
Marine-sourced cyclic NRPs have a broad range of biological 
activities.163 One of many examples of NRPs is the keramamide 
family. Keramamide A was isolated from marine sponges of 
the genus Theonella and was the first instance of a 6’-chloro-
5’-hydroxy-N-methyl-tryptophan-containing peptide natural 
product (Figure 14).164,165 Around the same time, orbiculamide 
A was also found to be associated with Theonella sp.,166 
adding 2’-bromo-5’-hydroxy-tryptophan to the repertoire 
of halogenated amino acid building blocks. The various 
substitution patterns on the indole moiety of these molecules 

Figure 12. Model of ET-743 Bound to the Minor Groove of a DNA Double 
Helix. Simulations Indicate That Three ET-743 Ligands Can Alkylate 
Adjacent Binding Sites to Stabilize a New Conformation of DNA. 

ET-743

Figure 13. Condensed Biosynthetic Pathway for ET-743. An Initial Starter Originating in Primary Metabolism Is Followed by Three Pictet–Spengler 
Reactions (Mechanism in Brackets). (Ref. 45,46)
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has been shown to dictate their biological properties.167 
These cyclic peptides demonstrated inhibitory activity against 
sarcoplasmic reticulum Ca2+-ATPase, while the keramamides 
B–D analogues are capable of inhibiting the superoxide-
generation response of human neutrophils induced with a 
chemotactic peptide.164 Furthermore, new peptide features were 
discovered in the analogue keramamide F,168 including isoserine 
and (O-methylseryl)thiazole, and the historically rare feature 
of a sulfate ester in keramamides M and N,169 contributing 
to cytotoxic effects against human epidermoid carcinoma KB 
cells and murine lymphoma L1210 cells. Identification of the 
keramamide and orbiculamide (ker) BGC in the multiproducer 
“E. factor”26,170 suggested that a PKS module is responsible for 
a net one-carbon extension to generate the a-keto-β-amino 
acid unit present in many keramamides and orbiculamide A, 
a qualitatively similar process to the extension in calyculins 
discussed above.

2.3.3. Kahalalides 
Some defensive symbioses involve more than two partners, 
generating a beneficial network for the organisms. This is the 
case for the tripartite interaction between the mollusk Elysia 
rufescens, alga Bryopsis sp., and bacterium “Ca. Endobryopsis 
kahalalidefaciens”, all of which harbor the cytotoxic kahalalides 
(Figure 15).171 Given the presence of nonproteinogenic 
amino acids in addition to the incorporation of a fatty acid—
moieties often biosynthesized by microbes—a bacterium was 
hypothesized to be the origin of the kahalalides.171 Delving into 
the details of kahalalide production provided strong evidence 
that the toxins are indeed produced by an NRPS in a bacterial 

symbiont of the alga.171 Incorporating an initial condensation 
domain for linkage of the fatty acid to the N-terminal valine 
and 8 epimerization domains within a total of 13 NRPS modules, 
this assembly line aligns perfectly with the structure of 
kahalalide F. In addition to the NRPS for kahalalide F, many 
other related NRPS BGCs were discovered within the genome 
of “Ca. E. kahalalidefaciens”, eight of which were linked to 
known kahalalide variants. Of relevance to megaenzyme 
engineering, the authors remarked on the possibility of NRPS 
evolution through inter-pathway recombination, mixing and 
matching to generate the kahalalides and more. Further 
analysis ascertained that the metabolic machinery responsible 
for production of the kahalalide amino acid constituents is not 
coded for in the “Ca. E. kahalalidefaciens” genome, indicating 
that they are sourced through a collaboration with the host. 
The remarkable biosynthetic potential of this candidate species 
broadens avenues in the peptide chemical space, and future 
enzymology work is likely to be just as fruitful. 

2.3.4. Renieramycins 
In addition to the previously highlighted ecteinascidins, the 
sponge- and nudibranch-associated renieramycins form 
another group of THIQ-containing natural products.172 Of most 
prominence are renieramycins M, E, and T (Figure 16)173 due 
to their nanomolar IC50 values against various cancer cell lines. 
The presence of only two THIQ moieties and various oxidation 
patterns on the ring system differentiate the renieramycins from 
the tunicate-derived ET-743. A logical biosynthetic hypothesis 
would involve an NRPS-based Pictet–Spenglerase with variation 
in the enzyme(s) responsible for dioxolane formation. This 

Figure 14. The Keramamide Family of Cyclic NRPs from Theonella sp. (Ref. 164–169)
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distinction could preclude the introduction of a third THIQ (as 
in ET-743 biosynthesis) and lead to the bis-THIQ observed in 
renieramycin M.

Just as in the case of the kahalalides, the renieramycins were 
hypothesized to be involved in another tripartite symbiotic system 
between a nudibranch, sponge, and bacterial producer. Indeed, 
deep metagenomic sequencing of four renieramycin-positive 
sponges revealed the ren BGC from which activity for a single 
tyrosine-methyltransferase was observed through heterologous 
expression in E. coli.173 Comparison of the genome to a small 
plasmid containing the ren BGC facilitated the identification 
of an intracellular bacterial producer, “Ca. Endohaliclona 
renieramycinfaciens”. This symbiont and the ET-743 producer 
“Ca. E. frumentensis” are distantly related and form intracellular 
symbiotic relationships with very different marine invertebrates. 
Both, however, have managed to base their defensive symbioses 
on the biosynthesis of structurally similar THIQ molecules. 
While this itself is an intriguing evolutionary quandary, further 
comparative investigations into the biosynthetic enzymology 
of renieramycins, safracins, and ecteinascidins could provide a 
roadmap of evolving pathways responsible for the formation of 
the THIQ-containing natural products.

2.4. Other
2.4.1. Saxitoxin Polyketide-like Synthase
Several neurotoxins with the ability to modulate voltage-gated 
ion channels have been isolated from marine invertebrates.174 
Examples with suspected microbial origin are tetrodotoxin (e.g., 

from the ovaries of pufferfish) and tarichatoxin (from newt 
eggs).175 A bacterial source has been identified for saxitoxin 
first isolated from the siphon of the Alaska butterclam.175,176 
Saxitoxin and its derivatives are paralytic shellfish toxins 
and stand out owing to their presence in both marine and 
freshwater environments and to being found in producers 
that inhabit two kingdoms of life (prokaryotic cyanobacteria in 
freshwater and eukaryotic dinoflagellates in marine waters).174 
The biosynthetic gene cluster for saxitoxin was discovered 
within various cyanobacteria (Figure 17).177–180 Importantly, 
filter-feeding bivalves and fish accumulate masses of these 
molecules, which can result in potentially fatal human illnesses 
following ingestion.174  

While most marine neurotoxins target the sodium channel, 
the saxitoxins also function on potassium and calcium channels, 
with differing mechanisms of action among the three targets. 
Saxitoxin’s high affinity for the sodium channel is facilitated 
by the guanidinium moiety, allowing it to effectively block the 
flow of sodium ions into nerve and muscle cells, which results 
in death via respiratory paralysis.181 Addition of saxitoxins and 
related molecules in vitro stabilizes the protein for imaging 
by high-resolution single-particle cryo-electron microscopy 
and has greatly expanded our understanding of voltage-gated 
sodium ion channels.182–184 It is worth noting that the level of 
oxidation on the tricyclic scaffold has a great impact on the 
biological activity of the saxitoxins.185–187 

While saxitoxins have demonstrated detrimental effects on 
human health, several metazoans have evolved mechanisms for 

Figure 15. Kahalalide Biosynthesis Occurs in a Bacterial Symbiont of an Algal Food Source for Snails. The Fatty Acid Component Is Shown in Green, 
D-Amino Acids in Blue, and Nonproteinogenic Amino Acids in Purple. (Ref. 171)

H
N

N
H

H
N

NN
H

Me

Me O

O

O

O

i-Pr

i-Pr

O NH

HN

EtMe

O O

NH2

O

H
N

i-Pr

OHMe

O
NH

NHO
Et

Me
OO

HN O
Me

BnHN

i-Pr

H
N

Me

i-Pr

OO

kahalalide F

"Ca. Endobryopsis kahalalidefaciens"
(bacterium)

Bryopsis sp.
(algae)

Elysia rufescens
(mollusk)

Figure 16. The Sponge-Derived Renieramycins Share a Common Core (Orange) with the Tunicate-Derived Ecteinascidins (e.g., ET-743). (Ref. 173)

Me

N
N

Me

OH

H

O S

AcO

NH
O

MeO

HO

MeO
HO

O
O

ET-743

Me

N
N

Me

CN

HO

MeO
O

O
O

renieramycin T

O Me

O
Me

Me

N
N

Me

R

HO

MeO
O

renieramycin E (R = OH), M (R = CN)

O Me

O
Me

O
MeO

MeMe Me

18
15

4

3
1

O

21

O



68 The Versatile Natural Product Enzymology of Marine Microbial Communities
Amy E. Fraley, Serina L. Robinson, and Jörn Piel*

evading this fate. For example, frogs show resistance to saxitoxin 
poisoning through the production of a high-affinity saxitoxin-
binding protein saxiphilin,188–191 while saxitoxin-binding proteins 
have also been identified in pufferfish,192,193 cockles,194 and 
crabs.195 These toxin-binding proteins are thought to constitute 
a less-studied mode of resistance, and the crystal structures 
of the saxiphilin complex with saxitoxin have facilitated the 
identification of a core molecule recognition motif.196

The saxitoxin BGC encodes a PKS-like protein (SxtA) 
responsible for the formation of two C–C bonds, two 
decarboxylation steps, and ultimately stereospecific protonation 
(see Figure 17).197 The protein contains four domains: an 
S-adenosyl-methionine (SAM)-dependent methyltransferase 
(MT), a GCN5-related N-acetyltransferase (GNAT), an ACP, and 
an 8-amino-7-oxononanoate synthase (AONS) domain. Detailed 
in vitro enzymatic studies determined that saxitoxin biosynthesis 
is initiated with the loading of malonyl-CoA onto the ACP, with 
subsequent methylation (MT-catalyzed) and decarboxylation 
(GNAT). The resultant acyl group is then transferred to the 
a-carbon of arginine by the AONS and decarboxylation leads to 
formation of the linear saxitoxin precursor. Prior to cyclization, 
an amidino group is transferred to the ethyl ketone substrate 
by the amidinotransferase SxtG. Various oxidation steps 
decorate the scaffold, with SxtA acting at an early stage on 
the linear form. SxtT and GxtA catalyze late-stage oxidation 
steps, all with exquisite stereo- and site-selectivity.198 The 
intermediary steps hypothesized to be involved in cyclization 

to form the tricyclic scaffold have yet to be revealed.179,180,199,200 
In addition to the already demonstrated substrate scope, the 
structural analyses have provided further basis for engineering 
the enzymes for biocatalytic utility.201

2.4.2. Polybrominated Diphenyl Ethers
Brominated secondary metabolites are common in the 
marine realm where bromide is naturally abundant.202 In 
particular, marine invertebrates are a source of numerous 
potentially hazardous halogenated natural products 
including polybrominated diphenyl ethers. Present in a 
range of marine organisms—including plants,203 algae,204–206 
invertebrates,29,207–209 and even mammals210–212—these 
molecules were speculated to be of bacterial origin (Figure 18; 
see also Figure 3). Their similarity to pseudilin and other 
halogenated pyrroles produced by gammaproteobacterial 
Pseudoalteromonas spp. provided further evidence for 
this hypothesis. Elegant (meta)genomics analyses led to 
the identification of the BGC for these brominated marine 
pyrroles/phenols, and the chemical space of this molecular 
family was expanded through reconstitution of the BGC.31,32,213 
These compounds are structurally similar to polybrominated 
flame retardant chemicals, polychlorinated DDT, and industrial 
coolants (PCB)—all persistent environmental hazards that 
were once widely used. The knowledge gained about the 
biosynthesis of the natural analogues in marine systems 
provides a genetic fingerprint for monitoring production of 
these toxins in future populations.

The biosynthesis of the brominated diphenyl ethers involves 
a brominase (Bmp2) capable of mono-, di-, and tribrominating 
pyrrolyl-S-ACP.31 Bmp2 is an FAD-dependent halogenase that 
catalyzes bromination via a well-characterized mechanism 
requiring an FAD reductase partner protein. In addition, 
phenolic bromination involves the more unusual halogenase 

Figure 17. The Saxitoxin Biosynthetic Gene Cluster Encodes the Early-
Acting PKS-like Protein SxtA with a Methyltransferase (MT), GCN5-
Related N-Acetyltransferase (GNAT), and 8-Amino-7-oxononanoate 
Synthase (AONS), as well as Standalone Amidinotransferase SxtG and 
Oxidases SxtH, SxtT, and GxtA. (Ref. 177–180,197,198)
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Bmp5, which operates through a new mechanism to catalyze 
decarboxylation and halogenation in the absence of a flavin 
reductase partner. A cytochrome P450 enzyme then couples 
the pyrrole and phenolic portions. Homologues of Bmp2 were 
also subsequently identified in another marine symbiont,214 
while genes of Bmp5 homologues (oxygenases) were found in 
other bacterial BGCs, indicating a higher prevalence. Thus, the 
identification of the bmp gene locus facilitates the mining of 
metagenomic data sets for other sources of hydroxylated BDEs. 
The enzymes from the bmp pathway were utilized to expand 
the chemical space of diphenyl ethers, as well as provide a 
hypothesis for the production of dibenzo-p-dioxins, which are 
naturally occurring hazards to human health.213

3. Interesting Pathways Remaining to Be 
Biosynthetically Explored 
3.1. Halichondrins
The halichondrins are another example of tubulin-binding 
natural products from sponge microbiomes. These molecules 
were first isolated from Halichondria okadai Kadota by bioassay-
guided fractionation,215 and subsequently from the unrelated 
sponges of the genera Axinella216 and Lissodendoryx sp.217,218 
While various analogues were effective cytotoxic agents 
(homohalichondrin A, B, C; norhalichondrins A, B, C), the 
most profound activity was observed for halichondrin B. Both 
halichondrin B and homohalichondrin B arrest cells in mitosis 

and inhibit tubulin polymerization,219 while halichondrin B is 
a noncompetitive inhibitor of known molecules that bind the 
vinca alkaloid site of tubulin (described above). Furthermore, 
halichondrin B inhibited tubulin-dependent GTP hydrolysis and 
nucleotide exchange at the GTP site of tubulin.

The first total synthesis of halichondrin B and norhalichondrin 
B was achieved in 1992 and required more than one hundred 
steps to successfully install all thirty chiral centers.220 Further 
evaluation by Eisai Research Laboratories and the Kishi group 
at Harvard University determined that the Eastern half of the 
molecule made up a core scaffold worth developing as a drug 
lead.221 After the synthesis of around two hundred analogues, 
the drug candidate eribulin was discovered, with subsequent 
approval by the U.S. FDA in 2010 for advanced metastatic breast 
cancer and 2016 for soft tissue sarcoma (Figure 19).221  More 
recent efforts have led to the development and total synthesis of 
the halichondrin-based E7130, which uniquely targets the tumor 
microenvironment and enhances the effects of combination 
therapies.221 Based on the ladder-type polyether structure 
of halichondrins, the producer might be a dinoflagellate, but 
various bacterial polyethers are also known.222

3.2. Nucleoside Natural Products
Interest in sponge natural products started in the early 
1950s with the isolation of the bioactive pyrimidine bases 
spongouridine (Ara-U) and spongothymidine (Ara-T), and the 
purine base analogue spongosine.223,224 More recent work 
involved the LC-MS/MS-based screening of extracts of bacterial 
isolates from the marine sponge Tectitethya crypta, leading to 
the identification of a microbial producer of nucleoside natural 
products (Figure 20).225 This approach is distinct from those 
described in preceding sections because it relies heavily on 
chemical analysis as opposed to genome mining. These efforts 
identified the sponge-associated Vibrio harveyi strain as a 
producer of spongosine, 2′-deoxyspongosine, and 8-oxo-2′-
deoxyguanosine. The genome sequence ultimately provided 
further evidence for the bacterial source, with a BGC that 
encodes an adenylosuccinate synthetase, an oxidoreductase, 
an O-MT, and a phosphatase being likely responsible for 
the production of spongosine. A proposed biosynthesis 
involves the formation of adenosine monophosphate from 
adenylosuccinate via an adenylosuccinate lyase, followed 
by C-2 hydroxylation with the oxidoreductase, methylation 

Figure 19. Molecular Structures of Halichondrin B and Synthetic 
Analogues/Drug Candidates Eribulin and E7130. (Ref. 221)
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involving SAM and O-MT, and dephosphorylation catalyzed 
by a phosphatase. Apart from this example, the biosynthesis 
of nucleoside-specialized metabolites in marine invertebrates 
remains unexplored. Previously, enzymatic studies on the 
biosynthesis of nucleoside antibiotics focused mainly on free-
living Streptomyces strains.226 

3.3. Plocabulin
In line with the previous discussion of tubulin-inhibiting natural 
products, a new class of sponge-associated polyketides was found 
to bind to the maytansine site on b-tubulin.227,228 Isolated from 
the sponge Lithoplocamia lithistoides, the plocabulins (PM050489 
and PM060184) demonstrated subnanomolar antitumor activity 
on various human cancer cell lines (Figure 21).229 Various studies 
have further characterized the bioactivity of these natural 
products,230–232 yet their biosynthesis remains unexplored. The 
plocabulin structure indicates biosynthesis by a hybrid PKS-
NRPS system. Counterintuitively, the biosynthesis seems to 
proceed from the dihydropyrone to the methyl terminus. This is 
indicated by the orientation of the two amide bonds, assuming 
N-to-C incorporation of amino acids.

4. Conclusion
Marine microbial communities are a wellspring of biochemical 
transformations and bioactive natural products, with discovery 
fueled by the ever-expanding development of biotechnological 
methodologies. Meta-omic strategies from genome-based 
studies to enzymology and molecular-level investigations have 
shed light on the involvement of microbial dark matter in the 
biosynthesis of bioactive metabolites. Sponges are noteworthy 
sources, hosting symbiotic systems with extraordinary 
biosynthetic potential. Cases where complex metabolites are 
isolated from both a marine invertebrate and an unrelated 
source have led to initial hypotheses of bacterial sources 
for macro-organism-derived compounds. While first studies 
were based on cosmid and fosmid libraries, metagenomic 
sequencing has facilitated further advancements in the field, 
leading to the discovery of symbiont-derived BGCs from a 
variety of invertebrates. As we gain further understanding of 
these biosynthetic systems, the synthetic biology toolbox can 
be expanded to spawn novel chemistry. Not only can we access 

these complex bioactive metabolites, but our understanding 
of their biosyntheses can facilitate their derivatization through 
molecular manipulation as well as biocatalyst development for 
environmentally benign chemical transformations.
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Abstract. Microbiome profiling of low biomass and degraded 
DNA samples is considered  most challenging for amplicon-
based metagenomics. Here we introduce the 5R-PLEX 
technology, which allows the ultra-sensitive detection of 
~1 pg bacterial DNA in high host DNA environment and highly 
degraded DNA to reach species-level taxonomy profiling. 
5R-PLEX targets five short variable regions along the 16S 
rRNA that are computationally combined to reconstruct one 
coherent, high-resolution microbial profile via a unique 5R-PLEX 
algorithm in the M-CAMPTM platform. The 5R-PLEX technology 
has been tested successfully on mock bacterial communities, 
as well as clinical skin and FFPE tumor DNA samples, and 
offers a complete and cost-effective solution for microbiome 
metagenomics analysis of such challenging sample types.

Outline
1. Introduction
2. What Is 5R-PLEX Technology?
3.  5R-PLEX Technology Enhances High-Resolution Bacterial 

Detection in the Most Challenging Microbiome Applications
4. Conclusion
5. Acknowledgment
6. References

1. Introduction
The 16S ribosomal RNA gene (16S rRNA) is a common bacterial 
marker that is used as a target for microbial community profiling 
in microbiome metagenomic studies.1 The gene is composed of 
nine variable regions (V1–V9) interspersed between conserved 
regions. The most common 16S rRNA NGS assays target one or 
two regions (e.g., V3–V4) using a single set of primers.2 However, 
this approach usually results in a poor bacterial detection and 
classification rate when the DNA input is of low quality or when 
applying this technique to extremely low biomass samples. In 
fact, most amplicon sequencing methods lead to only a partial 
sequencing of the 16S gene and result directly in the loss of 
specificity as well as in a higher ambiguity with only a partial 
accounting of bacterial diversity. While some computational 
methods attempt to overcome these limitations by producing 
short reads that originate from one long amplified region, there 
are some drawbacks to these solutions, namely the lack of 
long amplicons from fragmented and damaged DNA samples.1 
Examples of challenging samples include: (i) formalin-fixed, 
paraffin-embedded (FFPE) tissue,1 (ii) cancerous tumor tissue,3 
(iii) degraded or damaged DNA, (iv) low biomass samples, and 
(v) fossil-derived and ancient DNA.

2. What Is 5R-PLEX Technology?
The 5R-PLEX technology is designed for challenging biological 
samples, where the standard 16S sequencing protocols fail 
to provide complete data. 5R-PLEX targets five short variable 
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fixed, paraffin-embedded (FFPE) tissue. The standard 16S 
V3-V4 amplicon library prep resulted in an insufficient number 
of reads and poor taxonomy classification from the degraded 
DNA. Amplification of the same degraded DNA sample by 
5R-PLEX technology yielded high-recovery microbial profiling in 
degraded DNA (with input as low as 1 picogram). 

regions along the 16S rRNA gene (V2, V3, V5, V6, and V8) 
that are co-amplified in a multiplexed PCR within a single 
tube (Figure 1).

After sequencing, the output data is uploaded to the 
M-CAMPTM platform (Microbiome Computational Analysis for 
Multi-omics Profiling) and analyzed using the unique 5R-PLEX 
algorithm. This new analysis approach combines the amplified 
regions computationally to reconstruct one coherent, high-
resolution microbial profile (Figure 2).4 

3. 5R-PLEX Technology Enhances High-Resolution 
Bacterial Detection in the Most Challenging 
Microbiome Applications
The 5R-PLEX technology has been applied to high-molecular-
weight (HMW) and highly degraded (Deg) bacterial mock 
community DNA mix5,6 and low biomass (Figure 3). The 
samples tested mimic the low biomass found in formalin-

Figure 2. The 5R-PLEX Workflow, from Library Prep to Comprehensive 
Data Analysis. (Ref. 4)
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Figure 3. The 5R-PLEX Kit Targets 5 Variable Regions to Provide Highly Sensitive Detection Compared to the Most Utilized Method (16S V3-V4). 
Input DNA Was a Mix of 10 Bacterial Species, Which Was either HMW (A) or Degraded (240 bp Average Size; (B)). Differential Concentrations 
Were Tested with the 5R-PLEX Kit vs the Standard 16S V3-V4 Assay (C); Equal Amounts Were Pooled and Sequenced with Illumina® MiSeq® V2 
(2 x 150 bp Reads).  
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Figure 1. The 5R-PLEX Technology Targets Five Variable Regions of the 
16S rRNA Gene (Light Beige) That Are Interspersed between Conserved 
Regions (Dark Blue), and Results in Higher Sensitivity and Improved 
Taxonomical Resolution.
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4. Conclusion
High-resolution microbial profiling of challenging biological 
samples can now be performed thanks to the 5R-PLEX kit which 
allows an ultra-sensitive multiplexed NGS assay to be carried 
out. It offers the advantage of targeting 5 variable regions of 
the 16S rRNA gene in a single primer pool. Coupled with a 
comprehensive bioinformatic analysis through the M-CAMP™ 
platform, one coherent microbial profile can be reconstructed 
via advanced statistical and comparative analysis as well as 
background signal subtraction.
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Microbiome research studies microbial populations in a defined 
environment. Pioneered by the NIH Human Microbiome Project 
(HMP) in 2007, the human microbiome and its associated 
genomes, transcriptomes, and metabolites have become 
a major focus in the field. The first stage of the research 
aimed to determine the composition of a “healthy” versus a 
“disease related” microbiome.1 An important finding was that 
the taxonomic composition of the microbiome, on its own, is 
not well correlated with the host phenotype.2 Further studies 
of the data from “healthy” microbiomes revealed a similarity 
in metabolic pathways.2 This led to the second stage of HMP 
research which has focused on learning the biology of the 
microbiome or microbiota and how it interacts with the host.3 It 
appears that the microbial community may mediate the effect 
of environmental factors on human health and disease.4 

The most established human microbiome site is the gut, 
which has been shown to have the largest microbial community 
followed by the oral microbiome site. Other sites include the 
skin, vagina, and lungs. Not surprisingly, the gut microbiota is 
thought to be the most influential on human health.5 Overall, 
a healthy-gut microbial community is characterized by stable 
microbiome functional cores, a high taxa diversity, and a high 
microbial gene richness.6 Chronic metabolic disorders are 
often associated with a decline in microbiome diversity, and 
low microbial gene richness is linked to a relative increase 
in adiposity, insulin resistance, inflammation, and the 
imbalance of lipids such as cholesterol and triglycerides.6 
Some common conditions that can be related to this are 
obesity, type 2 diabetes, heart disease, and non-alcoholic fatty 
liver disease.6,7,8 Another disease that is associated with the 
microbiome is cancer. Studies have shown that the microbiota, 
specifically the gut colonizers, but also intratumor microbes, 
regulate tumor progression through immunomodulation.9 This 

is not surprising as the microbiome is known to be involved in 
the maturation of both the innate and the adaptive immune 
systems and that bacterial metabolites may be driving this 
maturation.10 Hopefully, further research and discovery of the 
pathways and mechanisms that drive microbiome-associated 
illnesses will lead eventually to the discovery of new therapies 
for these diseases.

Analysis of multi-omics data (e.g., metagenomics, proteomics, 
metatranscriptomics, metabolomics, and culturomics) as well as 
integrated host data analysis are anticipated to provide a more 
comprehensive picture of the human microbiome. However, 
establishing experimental designs that incorporate biology, 
chemistry, bioinformatic, and statistical methods remains 
a fundamental challenge in microbiome research.4 With the 
potential of microbiome research to tackle some of humanity’s 
most common diseases, we have taken up the challenge of 
providing tools to scientists that help them overcome some of 
the complexities they encounter in their microbiome studies. 
Metagenomic and metabolomic standards, specialized growth 
media, and a bioinformatic platform are examples of such 
tools. Further development by us of new tools and research 
solutions is ongoing.
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