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ABSTRACT: Ascidians (tunicates) are rich sources of
structurally elegant, pharmaceutically potent secondary metab-
olites and, more recently, potential biofuels. It has been
demonstrated that some of these compounds are made by
symbiotic bacteria and not by the animals themselves, and for a
few other compounds evidence exists supporting a symbiotic
origin. In didemnid ascidians, compounds are highly variable
even in apparently identical animals. Recently, we have
explained this variation at the genomic and metagenomic levels and have applied the basic scientific findings to drug discovery
and development. This review discusses what is currently known about the origin and variation of symbiotically derived
metabolites in ascidians, focusing on the family Didemnidae, where most research has occurred. Applications of our basic studies
are also described.

■ INTRODUCTION
Over a course of nearly 40 years, marine natural products
chemists have isolated approximately 1080 compounds from
ascidians, including clinically used compounds, preclinical leads,
and other potently bioactive compounds.1,2 Probably the
earliest identified didemnid chemicals were the cyclic peptides
ulicyclamide and ulithiacyclamide, reported by Ireland and
Scheuer in 1980.3 Since that time, Didemnidae has been the
most chemically prolific ascidian family, being responsible for at
least 375 (∼35%) known ascidian compounds. Didemnidae
includes 578 species (21% of total species), while the 25
remaining families contain a total of 2237 described species.4

Didemnid chemicals have attracted widespread attention
because of their biological activities and their intricate and
elegant chemical structures. A short list includes anticancer
leads, such as the didemnins,5 the bistramides,6,7 the
patellazoles,8−10 and trunkamide,11,12 and multidrug-resistance
blockers such as some of the patellamides,13 among others
(Figure 1). Ascidians are thus excellent sources of active
compounds with novel structural motifs, and didemnids are
prominent within this group.
Even though Didemnidae is a rich source for pharmaceutical

discovery, natural products chemists sometimes shy away from
collecting representatives of this family. The animals take a
compound colonial form, meaning that manysometimes
perhaps thousandsof individuals live in a common tunic.14

The resulting animals vary greatly in size, from tiny colonies ∼1
mm in diameter to enormous sheets that can drape square
meters of reef surfaces. These colonies are capable of fusing and
dividing in the course of a few days,15 further complicating this
situation. Even comparatively distant relatives can combine,
sometimes preserving their individual genomic signatures.
Similarly, often neighboring colonies appear visually identical,
yet their chemical components vary greatly.16 This fact makes it

difficult to collect sufficient material for natural products
discovery reliably, and it can be all but impossible to supply
these materials for later clinical development.
Despite these limitations, this colony and chemical variation

has one great benefit: it increases the natural products potential
of Didemnidae. For example, it was shown that adjacent
colonies are often essentially genetically identical, except that
natural product biosynthetic pathways vary in discrete ways.17

This variation leads to a natural combinatorial library, where
individual, tiny colonies contain different natural products.
Quite often, these products form large families of metabolites
that vary in subtle structural details. The didemnids are also
exceptionally rich hosts to numerous types of individual
biosynthetic pathways.18 Although chemical variation is not
unique to Didemnidae and is instead a very common theme in
marine invertebrates, there are some genetic aspects that almost
certainly reflect the unique life history of the animals and their
symbiotic bacteria.
We set out to identify the biosynthetic origin of ascidian

metabolites and the underlying genetic causes of this variation.
Results from these studies were expected to provide unique
scientific insights, but also to be immediately applicable to
practical issues in marine drug discovery. Recently, we
identified a novel mechanism of biosynthetic gene exchange
that goes a long way toward explaining the chemical variation
observed in many animals. Underlying this mechanism, specific
symbiotic bacteria have been identified that live in ascidians and
are responsible for producing complex “ascidian” mole-
cules.17−21 Since these molecules originate in bacteria, a simple
explanation for their variation would be to cite horizontal gene
transfer or perhaps variation in bacterial species. However, this
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is not what was found. Instead, we found that the bacteria
Prochloron didemni in these animals represent a population in
which identical biosynthetic genes are found mixed and
matched across animals in the ocean. In short, this is a
departure from simple expectations as to how pathways should
vary. These basic studies impact our understanding of
biodiversity, but they also have direct practical outcomes in
biotechnology, including improvements to the discovery,
supply, and bioengineering of marine natural products.
In addition to variation within the P. didemni population,

ascidians also harbor other symbiotic bacteria that make natural
products. Beyond Didemnidae, this phenomenon has also been
explored with the non-didemnid ascidian Ecteinascidia
turbinata, the producer of the clinically used ecteinascidin-
743.22,23 Within didemnids, sometimes individual ascidians
contain multiple types of symbiotic bacteria that contribute
chemicals to the organism. In comparison to the wealth of data
available for P. didemni, the stories are just beginning to emerge
for these other bacteria, and essentially nothing is yet known
about their variation or symbiosis.
In this review, we will focus on our work with the

metagenome of the family Didemnidae, providing specific
examples that address major problems in the science and
biotechnology of marine natural products. Recent advances in
ascidian symbiosis, as it relates to natural products chemistry,
will also be discussed.

■ DIDEMNID HOUSES FOR BACTERIA
Didemnid ascidians form colonies comprising up to thousands
of individual animals embedded in a common tunic.24,25 In

addition to the individual animals and various tunic cells,
didemnids are often crowded with cyanobacteria from the
single genus Prochloron (Figure 2).26,27 These fascinating

bacteria exhibit unique properties, such as an unusual
photosynthetic apparatus.28 Importantly, Prochloron can
provide nearly all of the necessary carbon and nitrogen for
animal survival via photosynthesis and nitrogen recycling.29−31

The cyanobacteria thus enable didemnids to thrive in otherwise
nutrient-limited tropical environments.
So far, there are no confirmed reports of stable cultivation of

Prochloron, meaning that studies have involved examining the
bacteria by removing them alive from their hosts or via
metagenomic techniques. Recently, we completed an analysis of

Figure 1. Bioactive compounds isolated from didemnid ascidians. The natural products shown here have unique mechanisms of action against
diverse targets, and some are potent to ∼100 pM against cancer-relevant cell lines. (Note: trunkamide has been reported to be both the L- and D-Phe
isomer from the natural source. We have found that the pathway naturally produces the L-Phe isomer, which slowly isomerizes to the D-form.)

Figure 2. Didemnid ascidians and their symbiotic cyanobacteria P.
didemni. (A) L. patella. (B) P. didemni.
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the P. didemni genome from the ascidian Lissoclinum patella.18

As expected, the genome reflected key features of the
interaction between cyanobacteria and host. However, it is
not obvious why the bacteria are not easily cultivated, since the
metabolic pathways appear to be identical to the situation
found in free-living cyanobacteria.
Other bacteria also occupy didemnid ascidians, but they have

been relatively less studied than Prochloron. These mostly
include other cyanobacteria,32−36 but also other types of
bacteria, especially proteobacteria, were reported.37−40 In the
course of sequencing the P. didemni genome, we obtained an
immense amount of data concerning other bacteria as well.18

These bacteria also contribute to the metabolic function of the
symbiosis. Thus, even Prochloron-bearing ascidians are complex,
multipartner microbiomes.
In addition, there are reports of specific symbiotic bacteria

aside from the cyanobacteria in non-didemnid ascidians. As one
example that is pertinent to natural products research, the
family Perophoridae includes the ascidian E. turbinata, which
contains potent peptide alkaloids, the ecteinascidins.22,23 E.
turbinata also harbors many different bacteria. The ascidian’s
microbiome is dominated by proteobacteria and includes the

intracellular γ-proteobacterial symbiont Candidatus Endoectei-
nascidia f rumentensis.

■ BACTERIA MAKE SOME ASCIDIAN COMPOUNDS
It has long been proposed that marine animal compounds
originate in symbiotic bacteria. Recent reviews summarize the
existing evidence for such synthesis in ascidians and in animals
in general.41−44 In addition, several classes of compounds are
now known to be symbiotic in origin, but these have not been
described in previous reviews (Figure 3).18 Here, we describe
all cases for which definitive evidence exists in ascidians.
Within ascidians, symbiotic bacteria were shown to make a

single group of cyclic peptides, but the vast majority of ascidian
compounds have yet to be studied thoroughly. This group,
termed “cyanobactins”, embraces macrocyclic compounds such
as patellamides, trunkamide, patellins, and many other small
molecules that constitute ∼6% of known metabolites from
ascidians.45,46 Two strategies were used to determine the origin
of cyanobactins in the ascidian L. patella. A strategy by Long et
al. involved construction of a large-insert DNA library from L.
patella samples.47 This library led to the synthesis of
patellamides in E. coli. Our strategy used metagenome
sequencing to obtain the complete sequence of the patellamide

Figure 3. Didemnid “ascidian” compounds made by symbiotic bacteria. (A) Cyclic peptides were demonstrated to originate in P. didemni. (B) Other
compounds from P. didemni. (C) Compounds from other types of bacteria.
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pathway, which was then expressed in E. coli.19 The advantage
of the former method is its elegant simplicity. The advantage of
the latter is that the massive amount of available sequencing
data quickly defined P. didemni as the only likely patellamide
source in the host organism. In addition, we believed that
metagenome sequencing was the most efficient way to find
biosynthetic pathways and that it would become the standard
method once the costs of sequencing decreased. In 2005, when
our first studies were reported, the method was still expensive
and scientifically very challenging, but it has become widely
accessible.
In all, four metagenomes of L. patella have been sequenced

thus far. These whole genomes, as well as genome fragments
from many organisms, have helped to show that P. didemni
makes many other compounds isolated from whole ascidians,18

including numerous cyanobactin derivatives.17,18,20,21 P. didemni
almost certainly makes the mycosporine amino acids that were
experimentally shown to shield the animals from ultraviolet
damage.18,48 It also likely makes lipid components, including
the potential biofuel component heptadec-1-ene, which is one
of the major lipids found in the whole organism.18 Finally, P.
didemni has the genetic capacity to make many other natural
products that are as yet undetected.17

Beyond P. didemni, other bacteria almost certainly make
natural products in didemnid ascidians.18 In the same ascidian
in which P. didemni makes trunkamide, we found the potent
antitumor polyketides patellazoles. However, the P. didemni
genome did not encode patellazole production. Instead, other
bacteria harbored genes that might be responsible for
synthesizing patellazoles. These genes were from the trans-
acyltransferase (trans-AT) polyketide synthase group,49 a
subclass of polyketide synthases that has been associated with
the production of several polyketides found in marine
animals.50,51 These trans-AT genes were reminiscent of those
discovered by Baker’s group in examining another didemnid
ascidian, the producer of polyketides known as palmerolides.40

The palmerolide producer occurs in Antarctica, indicating that
tropical P. didemni is not the producer of these compounds
either. On the basis of 16S gene sequence analysis, it was
proposed that the producer could be proteobacterial. As a result
of structural similarity between the palmerolide and patellazole
structures, we propose that there may be specific natural
products symbioses involving proteobacteria in ascidians.
Additionally, trans-AT clusters are important in the synthesis
of natural products by sponge and bryozoan symbiotic bacteria,
as shown in groundbreaking studies.50,51

In addition to these trans-AT genes, we found an
unprecedented absolute number and diversity of biosynthetic
genes in single ascidian animals.18 These results indicate that
ascidians have an unusually broad chemical capacity and
suggest avenues of research into how molecular abundance is
controlled in animals.
The early suspicion that symbiotic bacteria produce

“ascidian” natural products was based on structural similarity.
Indeed, a recent review documents 18 different families of
ascidian compounds that very closely resemble bacterial natural
products, and in some cases the compounds are even identical
to their bacterial homologues.41 One recent advance adds
strongly to this picture. The orphan anticancer drug aplidine is
part of a group of compounds known as didemnins, isolated
from didemnid ascidians.5 These depsipeptides look very much
like they could be made by bacteria via nonribosomal synthesis,
but they did not share many chemical features with

characterized bacterial metabolites. Very recently, the Tsuki-
moto group isolated the α-proteobacterium Tistrella mobiliz
from marine sediments and found that it produced didemnin B
in culture.52 While this does not demonstrate that the ascidian
compounds are derived from these (or other) bacteria, it
provides compelling indirect evidence that the compounds may
have a bacterial origin.
Another recent advance involves synthesis of ecteinascidin-

743 in E. turbinata. The ecteinascidins are isoquinoline
alkaloids that very strongly resemble bacterial molecules such
as saframycins and safracins, which are produced by bacteria via
the nonribosomal peptide synthetase (NRPS) pathway.53 Using
a diversity of approaches including metagenomics, metapro-
teomics, and metabolomics, the Sherman group identified a
saframycin-like NRPS pathway in E. turbinata.23,54 Bioinfor-
matics analysis indicated that this pathway was bacterial and
that it likely originated from E. f rumentensis, a previously
identified intracellular endosymbiont. Part of the cluster was
expressed, and using a synthetic substrate analogue, it was
shown to possess the predicted functionality. These and other
data provided strong evidence implicating E. f rumentensis in the
production of the “ascidian” metabolites ecteinascidin-743 and
relatives.
In summary, although only a few ascidian groups have been

studied in any detail, it is clear that symbiotic bacteria make
many of the natural products isolated from the whole animals.
This evidence is conclusive in the case of Prochloron production
of cyanobactin cyclic peptides, including trunkamide, patellins,
patellamides, and many others. Strong genetic evidence favors
Prochloron production of sunscreens and biofuels. Indirect, but
compelling evidence hints that proteobacteria might synthesize
a class of drug lead polyketides in didemnid ascidians. Strong
evidence also exists for symbiotic production of ecteinascidins
in non-didemnid ascidians, and much indirect evidence exists
for other compounds such as the didemnins.

■ VARIATION OF NATURAL PRODUCTS
Having established that bacteria make some of the compounds
that are the dominant components of ascidian extracts, we set
out to examine questions about chemical variation. About 60
cyanobactin derivatives had been isolated from didemnid
ascidians, with differences including changes to the amino
acid sequences, changes in size of the macrocyclic ring, and
wholesale differences in types of chemical modifications, such
as prenylation or heterocyclization.45 These compounds varied
between animals, even those collected in the same place from
year to year. The first question we asked was, what underlies
the cyanobactin sequence and structural variation? The second
question we sought to answer involved the seemingly sporadic
distribution of these and other compounds. Like several other
natural products chemists, we noticed that many compounds,
such as the antitumor lead patellazoles, vary from sample to
sample, but the reason for this variation was not known.55 We
applied numerous approaches to answer these questions, using
hundreds of ascidian samples obtained from a transect of the
tropical Pacific Ocean. These samples were analyzed by
chemical, genetic, and many other methods.
As alluded to above, some of the chemical differences

between ascidians can be ascribed to their different microbial
content.18 For example, evidence suggests that polyketides such
as palmerolides and patellazoles might be synthesized by
proteobacteria that employ the trans-AT pathway, while
peptides such as cyanobactins are certainly synthesized by the
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cyanobacterium P. didemni. Much is now known about how
chemicals vary in P. didemni, but little is known about the
putative polyketide-producing symbionts. An especially press-
ing question under active investigation is, what governs the odd
and seemingly sporadic distribution of these symbiotic
polyketide producers?
Within P. didemni, extensive research using metagenome

sequencing, among other techniques, revealed three funda-
mental, genome-level changes that fully explain the observed
chemical variation in ascidians (Figure 4).17 So far, we have
sequenced the genomes and fully examined the chemical
content of four uncultivated P. didemni strains from four L.

patella samples collected in Palau, Papua New Guinea, the
Solomon Islands, and Fiji. We also have examined more than
100 other ascidians from these and other locations using
multiple approaches such as PCR and chemical analysis.
Remarkably, despite the vast geographical distance between
these four ascidians and great differences in chemical content,
the P. didemni genomes are virtually identical and syntenic
(with the genes in the same order on the chromosome), to a
remarkable degree. To give an indication of the similarity,
nearly all functionally assignable genes are >97% DNA
sequence identical. Out of 126 pairwise differences in
functionally assignable genes between three of the genomes,

Figure 4. Genome level changes in P. didemni lead to a natural combinatorial library of bioactive natural products. (A) Map showing some of the
samples examined, with each individual animal represented by a circle. Colors indicate some of the biosynthetic pathways identified in P. didemni.
Pathways are basically identical when they are found, but the pathways are not universal. They are present sporadically, leading to mixtures of natural
products. (B) Compounds made by the pathways shown in panel A. Chemical products have been identified for gaz, pat, and tru, but they have not
yet been found and remain hypothetical for pyr and nkd.
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116 differences were due to secondary metabolism. In
answering the question of where these differences come from,
we discovered three unanticipated new mechanisms underlying
variation. These observations were further validated by PCR-
based comparison with other ascidians.
Variation Mechanism 1: Sporadic Presence or

Absence of Biosynthetic Gene Clusters. At the first and
broadest level of variation, within these conserved genomes
whole biosynthetic pathways are either present or absent.17

When they are present, they are nearly identical (>99%) to
each other, and they are located in the same chromosomal
context. Thus, whole types of molecules may be either present
or absent. These pathways sporadically co-occur. Seemingly at
random, they are found in different combinations among 23
ascidians studied. New pathways continue to be found as more
ascidians are examined. The lack of a pattern is of itself a
pattern. It implies that pathways are required for different
reasons and appear when needed to face different types of
selection pressure and that all pathways are available in
principle from a large population of P. didemni. We proposed
that these mixtures of pathways would result from a high rate of
recombination between closely related P. didemni that form a
single population in the tropical Pacific.
Variation Mechanism 2: Homologous Recombination

within Pathways. The remaining two levels of variation focus
on the cyanobactin metabolites (Figure 5). In order to explain
this variation, the patellamide biosynthetic pathway will be
described briefly. Cyanobactins are ribosomal peptide natural
products.56,57 A precursor peptide, exemplified by PatE, is
synthesized on the ribosome and encodes both the mature

natural products and enzyme recognition elements that are later
cleaved and discarded. In the case of patellamides, PatE is
modified first by heterocyclase PatD, which makes thiazoline or
oxazoline out of cysteine, serine, or threonine.58,59 Thiazoline is
oxidized to thiazole by the PatGOXI domain. Finally, two serine
proteases, PatAPRO and PatGPRO, are responsible for removing
the leader sequence and macrocyclizing the products.60,61

We sought to determine why patellamides contain oxazoline
residues, while serine and threonine are instead modified by
isoprenylation in trunkamide and relatives. It was ascertained
that the trunkamide pathway is identical to the patellamide
pathway in its flanking regions, but in the middle of the gene
clusters, the DNA sequence similarity drops precipitously.20

While there are no new enzymes in the trunkamide cluster,
there are differences in the heterocyclase. More importantly,
there are vast differences in PatF homologues, which have no
known relatives outside of cyanobactin pathways. Our group
showed recently that these PatF variants represent a novel class
of prenyltransferase enzymes that act specifically on diverse
macrocycles.62 These prenyltransferases emphasize the “port-
ability” of modification enzymes in ribosomal peptide natural
products and their modular biosynthetic pathways.63

These sequence changes observed in ribosomal peptides are
very fluid.17 For example, PatE and relatives encode two
different products. Different mixtures of these products are
found encoded on single PatE variants, indicating a constant
exchange and mixing of these natural products. As yet another
example, we have identified two different regions where the
patellamide and trunkamide pathways have fused, indicating a
dynamic exchange of these portable modification enzymes.

Figure 5. Modifications in ribosomal peptide pathways. Natural genetic variations reveal that (A) identical cyanobactin enzymes accept extremely
sequence-diverse substrates and (B) post-translational modifications can be moved between pathway types and are portable.
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Variation Mechanism 3: Hypervariability of the
Precursor Peptide. It was found that diverse patellamide
derivatives are synthesized by different P. didemni strains.21 The
genes encoding the biosynthetic enzymes and the intergenic
sequences are virtually identical (>99%) between pathways.
The only region that varies lies in the precise 21−24 nucleotide
sequence region that directly encodes products. In an early
study, 29 variants were discovered that could be synthesized by
identical enzymes. This revealed enzymes of extremely broad
substrate specificity.
Taken together, these results explain the mixtures and

extreme variation that is observed in didemnid ascidians, even
when moving between single colonies. Indeed, recently we have
shown that adjacent colonies can encode wholly different
biosynthetic pathways, even though animals look otherwise
identical.16,17 Using genetic methods, our group has accessed
new compounds from tiny colonies less than 1 cm in length. It
can be predicted that the vast majority of pharmaceutically
interesting ascidian products await discovery and that individual
colonies may harbor a heretofore “hidden majority” of natural
products.

■ APPLICATIONS IN DRUG DISCOVERY AND
DEVELOPMENT

One could anticipate many practical applications of these
discoveries. For example, by understanding the source of
compounds, potentially the supply problem of marine natural
products would be eliminated, allowing immediate develop-
ment of promising lead compounds. By knowing why
individual colonies have different chemistry, new tools are

suggested that allow access to new natural products for drug
discovery. New enzymes might be discovered for various
industrial applications. As yet another example, laboratory
recapitulation of these precise natural evolutionary pathways
might lead to new methods of combinatorial biosynthesis.
Together, these new methods promise a new paradigm of
marine natural products discovery and development.
We are just at the start of these promising new approaches,

and much remains to be done. However, in recent years we
have provided proof-of-concept for each of these application
areas, indicating that they are no longer speculative future
events but that current technology is sufficient (Figure 6).
In the area of drug supply, the initial reports of patellamide

production from Long et al. and from our laboratory have
demonstrated that, in principle, marine “animal” natural
products could be supplied by recombinant technology.19,47

However, much work was required to move this to a practical
level, and in addition the patellamides themselves are not
necessarily considered as drug leads. Using more than 1000
individual engineering experiments, we have succeeded in
obtaining sustained and robust yields of cyanobactins.16 A
cyanobactin considered to be a potential drug, trunkamide, has
been supplied in this manner.
We consider the cryptic colony variation of ascidians and

sponges to represent a source potentially for the “hidden
majority” of marine natural products. However, compounds
from tiny colonies are often present in vanishingly small
quantities. Direct genetic methods have been applied to (1)
identify these compounds; (2) show that they are major
components of whole animals; and (3) express them directly in

Figure 6. Proof-of-concept for biotechnological applications. Using cyanobactin biosynthetic pathways, we have demonstrated that direct
metagenomic methods can be used (A) to supply bioactive natural products, (B) to discover new compounds in genomes and in tiny coral reef
animals, and (C) to synthesize single analogues and combinatorial analogue libraries.
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E. coli.16 This represents proof-of-concept for a directly genetic
method to discover natural products important to whole
animals, even from tiny colonies.
The genome prediction methods were also applied to

cultivated cyanobacteria. Following the discovery of the
patellamide biosynthetic gene cluster in ascidians, it became
apparent that many cyanobacteria contain cyanobactin
ribosomal peptide pathways. In fact, it has been reported that
maybe close to one-third of cyanobacterial species encode
cyanobactins.64,65 Two examples will be described briefly. An
early example of the use of genome mining involved discovery
of a new cyanobactin, trichamide, from Trichodesmium
erythraeum. This cyanobacterial species is found globally in
the open ocean, where it forms massive blooms that can be
seen from space and that are critical to nitrogen fixation. Using
the genome for T. erythraeum, we predicted the presence of the
new compound, trichamide, and showed that it was indeed
present in the bacteria using a robust mass spectrometry
method.66 This method was later applied to the common
supplement product Spirulina, which is comprised of the
cyanobacteria Arthrospira platensis. Using genome mining,
cyanobactins were predicted to be present in these supple-
ments, and indeed four new arthrospiramide derivatives were
found in commercially available nutritional supplement
products.63

In the area of enzymes, we have used proteins discovered in
these studies to decorate synthetic peptides with a variety of
specific modifications (Figure 7).58,61,62 Finally, in the area of
combinatorial biosynthesis, we have developed tools to
synthesize diverse derivatives based upon recapitulating the
natural evolutionary pathways.15,20 These tools have been used
both to make analogues of known natural product drug leads,
such as trunkamide, and to make wholly novel chemical
entities, such as eptidemnamide. Recently, larger numbers of
derivatives have been synthesized in vivo, including incorpo-
ration of non-proteinogenic amino acids into these complex,
multistep pathways.67

■ FUTURE PERSPECTIVES

Above, the focus is on our work with specific classes of ascidian
compounds. This represents a tiny fraction of the known
chemical diversity in the ocean, much less the potential “hidden
majority” of natural products. In addition, technological proof-
of-concept experiments have been performed only with the
cyanobactins family of natural products. Work on other groups
of organisms, such as bryozoans harboring the bryostatins44 and
sponges harboring onnamide and relatives,43 suggests that this
is a very promising area for future research. Previously, many
technical limitations and a lack of understanding about the
basics of origin and variation made these studies very daunting
and laborious. For example, molecular genetic work on
bryostatin biosynthesis began in 1995, and our work on
ascidians initiated in 2002, indicating the depth of the early
challenges. Others working in this field have similar stories.
Now, however, inexpensive DNA sequencing and robust
synthetic biology tools are finally available, making this research
more widely approachable.
Sometimes, simple explanations are provided that broadly

describe natural product roles and the factors underlying
natural product origin and variation. It is worth avoiding broad
generalizations at this point, since in the context of the amazing
diversity of the oceans, almost nothing has been done
experimentally. Instead, interesting compounds in diverse
organisms should continue to be examined without precon-
ceived notions. It is certain that if the rich results described
above can be obtained from looking at a simple, possibly
obscure organism, marine symbiosis represents an incredible
opportunity for discovery.
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