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Abstract Conventional approaches to natural product
drug discovery rely mainly on random searches for
bioactive compounds using bioassays. These traditional
approaches do not incorporate a chemical biology per-
spective. Searching for bioactive molecules using a
chemical and biological rationale constitutes a powerful
search paradigm. Here, the authors review recent examples
of the discovery of bioactive natural products based on
chemical and biological interactions between hosts and
symbionts, and propose this method provides a more
effective means of exploring natural chemical diversity and
eventually of discovering new drugs.
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Introduction

The advent of the antibiotic era, initiated by Alexander
Fleming’s discovery of penicillin from the fungal genus
Penicillium (Fleming 1929), represented a huge break-
through in human healthcare against recalcitrant diseases.

< Hyukjae Choi
h5choi@yu.ac kr

P< Dong-Chan Oh
dongchanoh@snu.ac.kr

College of Pharmacy, Yeungnam University, 280 Daehak-ro,
Gyeongsan 712-749, Republic of Korea

Natural Products Research Institute, College of Pharmacy,
Seoul National University, | Gwanak-ro, Gwanak-gu,
Seoul 151-742, Republic of Korea

Based on Fleming’s success, investigations of microor-
ganisms targeting antibiotic natural products resulted in
many clinically useful antibiotics, such as, cephalosporins,
aminoglycosides, tetracyclines, and erythromycin and its
related macrolides, vancomycin, and amphotericin, during
the period 1940-1960 (Walsh 2003a). However, over the
past three decades, there has been a general decline in the
discovery of novel natural products with useful pharma-
ceutical properties, and at the same time drug resistant
diseases became far more widespread (Wright 2007). For
example, history confirms that whenever a new antibiotic is
utilized widely, clinically significant resistance follows
(Walsh 2003b), though the time taken for this to occur
varies considerably (e.g., 2 years for penicillin or 30 years
for vancomycin) (Plumbi 2001). The same is true of anti-
fungal drug therapies. Amphotericin B provides an excel-
lent example, it was introduced as a clinical treatment in
1950s and Candida resistant isolates were observed almost
simultaneously (Littman et al. 1959). Given that life-
threatening diseases are becoming more common (Morens
et al. 2004), currently available drugs have limitations and
the platforms used for the discovery of synthetic thera-
peutic agents are not as effective as they might be
(Ortholand and Ganesan 2004). Accordingly, the discovery
of novel classes of drugs from natural sources is a high
priority. The drop in the discovery rate of novel natural
products that occurred in the late 1980s caused major
pharmaceutical companies to change their research para-
digms from natural products to combinatorial chemistry.
However, it is becoming increasingly clear that combina-
torial synthesis, based on previously described platforms,
does not provide an effective route to new drugs. On the
other hand, the importance of natural products is demon-
strated by the facts that more that 60 % of antibacterial and
antifungal drugs approved by the FDA between 1981 and
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2010 are natural products or natural product-derived
molecules. Furthermore, most recently approved antifungal
(anidulafungin) and antibacterial drugs (daptomycin)
originated from natural products (Newman and Cragg
2012).

Conventional natural product discovery strategies that
are dependent on random searches for bioactive com-
pounds may not meet our current needs. Ecologically based
search techniques offer a means of improving search effi-
ciencies. However, although we understand the clinical
functions of natural compounds in some detail, compara-
tively little is known about the real natural roles of sec-
ondary metabolites in microorganisms (Davies and Ryan
2012). This lack of knowledge has limited the search for
natural products to readily accessible environments.
Accordingly, there is a need to develop distinctly different
strategies for the discovery and characterization of new
natural products with clinical potential. Here, we review
representative examples of microbial bioactive product
discovery from the perspective of chemical biology, in the
hope that this study aids the development of new search
strategies for bioactive small molecules for drug discovery
purposes.

Chemical biology of insect-associated microbes
and their bioactive compounds

New antibiotics of symbiotic bacteria mediate
multipartite anti-microbe symbiosis

Mutualistic relationships between microorganisms and
eukaryotic hosts can be mediated by microbial secondary
metabolites, especially by those with antibiotic potential, and
these interactions are more widely distributed than previ-
ously appreciated. One of the best known examples is the
multipartite interactions in the fungus-growing ant (attine
ant) systems (Chapela et al. 1994; Currie et al. 1999). Fun-
gus-growing ants (Attini: Formicidae) cultivate a fungal food
source by feeding plant material to the fungus. An antago-
nistic fungus, Escovopsis sp., tries to invade the fungal
garden and consume the fungal food source (Currie et al.
2003). It has been demonstrated that secondary metabolites
with antifungal properties, produced by a symbiotic actino-
mycete (Pseudonocardia sp.), control the parasitic fungi and
help maintain the beneficial food fungal culture.

The mutualism exhibited by fungus-growing ants and
their food source has been well studied from the late 1800s
and today the symbiosis shown by these ants provides a good
model for studies of symbiosis (Muller et al. 1998; Chapela
et al. 1994). Phylogenetic analysis supports that attine ants
have cultivated fungi for over 50 million years (Currie et al.
2003; Chapela et al. 1994). How the ants protect their fungal
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gardens from Escovopsis spp. was longstanding question, but
relatively recently it was determined that this successful
mutualism is supported by another symbiont, the antibiotic-
producing actinomycete, Pseudonocardia. In 1999, Currie
and co-workers discovered this previously-unknown asso-
ciation between the attine ants and symbiotic actinomycetes,
which secrete putative antifungal chemical substance to
inhibit parasitic fungi (Currie et al. 1999). The ants were
found to support these mutualistic bacteria with coevolved
crypts and exocrine glands (Currie et al. 2006). However, the
molecules mediating this interesting symbiotic system have
not been identified.

Further chemical and biological investigation of one ant
species (Apterostigma dentigerum) based on through
comprehensive chromatographic and spectroscopic analy-
ses, led to the isolation of a major secondary metabolite,
dentigerumycin (1), from the symbiotic Pseudonocardia
strain (Fig. 1). An antifungal bioassay against the special-
ized parasitic fungus Escovopsis strain confirmed that this
molecule clearly inhibits the growth of this parasitic fun-
gus. Spectroscopic analysis of this dentigerumycin
revealed that it is structurally novel and bears unusual
amino acid units, that is, three piperazic acids, B-hydroxy
leucine, N-hydroxy alanine, and a polyketide-derived
moiety with a pyran ring (Oh et al. 2009a). The identifi-
cation of dentigerumycin in symbiotic Pseudonocardia sp.
and its inhibition of parasitic fungus demonstrates that the
fungus-growing ants coevolved with symbiotic actino-
mycetes by utilizing their secondary metabolites to protect
their food source fungus and maintain the health of the
entire symbiotic system. This result also demonstrates that
the chemical biology of coevolved chemical interactions
between insects and microbes provide valuable insights
regarding the discovery of novel natural antibiotics (Hay-
den 2009). Given that specific groups of fungus-growing
ants utilize specific fungal species, these fungi are hosts to
specific species of Escovopsis (Currie et al. 2003), and that
these associations are modulated by specific Pseudono-
cardia, it is evident that more new antibiotics could be
discovered by studying more symbiotic Pseudonocardia
from phylogenetically similar ants.

Chemical biology of the multipartite symbiosis
of beetle, bacteria, and fungi in the southern pine
beetle ecosystem

The southern pine beetle, Dendroctonus frontalis, is a pest
that damages conifers in the southern United States
(Pechanova et al. 2008), and engages in one of the most
complex symbiotic associations described in nature
involving trees, fungi, mites (Klepzig and Wilkens 1997,
Klepzig et al. 2001) and bacteria. They typically associate
with a beneficial fungus, Entomocorticium sp. by harboring
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Fig. 1 Microbial bioactive natural products playing key roles in insect—microorganism symbiotic systems in chemical biology perspectives

the fungus within specialized body structures (mycangia)
of female beetles (Six and Klepzig 2004). Southern pine
beetle reproductive adults bore holes through outer bark to
create ovipositional galleries within the inner bark and
phloem (Six and Klepzig 2004). During the process of
gallery construction, female beetles inoculate the phloem
and xylem of the tree with their mutualistic fungus, Ento-
mocorticium sp. (Bramble and Holst 1940). Developing
larvae obtain nutritional benefits by consuming this fungus.
Another fungal symbiont, Ophiostoma minus, has a context
dependent relationship with the beetle, and can out-com-
pete the beneficial fungus for uncolonized substrate and
thereby disrupt larval development. On the other hand, it
can also assist beetles by killing healthy trees (Hofstetter
et al. 2006). Furthermore, O. minus has a mutualistic
relationship with phoretic tarsonemid mites, which are
transported from tree to tree on the exoskeletons of
southern pine beetles. The mites feed on O. minus and in
exchange the fungus is vectored to new host trees (Klepzig
et al. 2001). It was a topic of considerable interest how the

beetle controls the antagonistic fungus and protects the
beneficial mycangial fungus, because when cultured toge-
ther O. minus out-competes Entomocorticium sp. (Klepzig
and Wilkens 1997). Providing an answer to this chemical
biologic question provided crucial clues regarding the
discovery of novel antibiotic compounds. The Currie lab-
oratory successfully isolated two previously uncharacter-
ized Streptomyces strains (SPB74 and SPB78) from
southern pine beetles in Mississippi and localized one
(SPB74) of the two morphotypes to mycangia. Further-
more, Streptomyces strain SPB74 isolated from mycangia
inhibited O. minus significantly more than the beneficial
Entomocorticium sp. Chemical study of the secondary
metabolites of SPB74 revealed that this symbiont produced
a novel polyene peroxide, mycangimycin (2) (Scott et al.
2008; Oh et al. 2009b), which is a novel linear 20 carbon
carboxylic acid with an endoperoxide and a conjugated
heptaecne moiety (Fig. 1). The selective toxicity of
mycangimycin towards the fungal antagonist, combined
with the prevalence and localization of its bacterial source,
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strongly indicates mycangimycin is the key antifungal that
mediates the southern pine beetle symbiotic system
(Fig. 2). Mycangimycin has also been reported to be active
against a therapeutically relevant amphotericin B resistant
Candida albicans strain (Oh et al. 2009b).

Continued chemical and biological studies of other
Streptomyces strain in the southern pine beetle ecosystem,
SPB78, also resulted in the discovery of new antifungal
compounds, namely frontalamide A (3) and B, which are
polycyclic tetramate macrolactams (Fig. 1) (Blodgett et al.
2010). These antifungals have been proposed to deform
hyphae of the antagonistic fungus O. minus. Furthermore,
the discovery of the frontalamides and genomic analysis of
strain SPB78 also led to the identification their biosynthetic
pathways. Once the biosynthetic gene cluster had been
identified, several actinomycetes from various environ-
ments were screened for frontalamide-like compounds. A
degenerate primer-based PCR screen was designed to
detect a highly conserved gene region in the biosynthetic
pathway, and resultantly, the biosynthetic pathways of
frontalamide-like compound were commonly detected
among screened bacterial strains. Subsequent chemical
analysis of the bacterial cultures by LC/MS detected these
frontalamide-type antibiotics (Blodgett et al. 2010).

Given that host associations with actinomycetes result-
ing in the productions of antibiotics that mediate complex
microbial symbiotic interactions are probably common,
these results suggest that the identification of chemical
biologic associations and the adoption of a chemical biol-
ogy perspective offer an effective strategy for identifying
new natural antibiotics.

Chemical biology of gut bacteria and their
secondary metabolites in fungus-growing termites

Fungus-growing termites (Macrotemitinae) are known as
decomposers in ecosystems and material cycles. Like the
fungus-growing ants, the ecosystems of fungus-growing
termites incorporate a lineage of basidiomycete Termito-
myces fungi, which aid the degradation of plant material
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and also serve as food for the termites (Anan et al. 2002).
Termites carry plant material to their nests, and this is then
partially-digested and accumulated in fungal cultivar
combs by colony workers (Rould-Lefevre 2002). Because
potentially antagonistic and/or competitive fungi, such as,
Pseudoxylaria and Trichoderma, can invade monocultured
Termitomyces fungus combs, the success of this mutualistic
food-to-shelter symbiosis is likely to be dependent on the
effectiveness of the mechanism that protects cultivar fungi
(Katoh et al. 2002). It has been documented that fungus-
growing termites control inflow materials to their nests by
passing the material through the gut, and thus, gut micro-
biota could play pivotal roles in chemical and biological
interactions in this ecosystem. An investigation of the
microbiota of the fungus-growing termite Odontotermes
formosanus showed that Bacillus sp. present in the gut and
in fungus combs secretes a chemical substance that selec-
tively inhibits Trichoderma but not Termitomyces (Katoh
et al. 2002). However, unfortunately, the structure of this
inhibitory substance has not been deciphered.

In a chemical biologic study conducted on another fungus-
growing termite species, Macrotermes natalensis, obtained
from South Africa, Poulsen and co-workers demonstrated
Bacillus strains inhabiting in the termite gut produce a single
major compound that selectively inhibits competitive fungi,
such as, Pseudoxylaria and Trichoderma, and the potentially
antagonistic fungi Coriolopsis, Umbelopsis, and Fusarium
(Um et al. 2013a). Chemical identification of the major
metabolite by bioassay-guided purification and spectroscopic
analysis revealed that the selective antifungal was bacillaene
(4) (Fig. 1). In addition, the symbiotic Bacillus strains were
isolated from different M. natalensis colonies and compared
with respect to the 80 kb biosynthetic gene cluster of bacil-
laene and whole genomes. The Bacillus strains were found to
have nearly identical genomes, which included biosynthetic
gene clusters with almost 100 % identity at the nucleotide
and amino acid levels in 15 of 16 genes. This result indicated
that fungus-growing termites utilize gut-associated Bacillus
symbionts and the chemical compound they produce to
maintain the fungal cultivar by suppressing competitive/
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Fig. 2 The chemical and biological interactions in the southern pine beetle symbiotic system. Southern pine beetle Dendroctonus frontalis
utilizes the antifungal natural product, mycangimycin, produced by the symbiotic Streptomyces sp. SPB74 in controlling the antagonistic fungus
Ophiostoma minus and thus protecting the larval food fungus Entomocorticium
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antagonistic fungi (Um et al. 2013a). In this chemical biology
study, the antifungal function of bacillaene, which had been
previously shown to be an antibacterial that inhibits
prokaryotic protein synthesis, was evaluated for the first time.

European beewolf utilizes a chemical biologic
mechanism based on a symbiotic bacterial antibiotic
combination to protect offspring

Some wasps construct nest burrows in soil and the larva then
feeds on prey that females hunt and provide (Strohm and
Linsenmair 1995). Because brood cells are generally humid
and warm, immature wasps are prone to fungal and bacterial
infections (Strohm and Linsenmair 1995). In the past, it
suspected that wasps had probably developed a measure to
protect their larva, but its nature was unknown. In 2005, it
was reported that one of the solitary hunting wasps, Phi-
lanthus triangulum (Hymenoptera), has a unique association
with an actinomycete, which presumably protects the cocoon
from fungal infestation and significantly enhances larval
survival (Kaltenpoth et al. 2005). The endosymbiotic acti-
nomycete strain was detected predominantly in a specialized
antennal gland reservoir of female beewolves. Further
microbiological studies revealed that this symbiotic bac-
terium is a new species, Candidatus Streptomyces philanthi
(Kaltenpoth et al. 2006). Chemical and biological investi-
gation of this system revealed that the wasp cultivates this
specific symbiont and incorporates the bacterium into larval
cocoons. Kaltenpoth and co-workers elucidated the under-
lying chemical biologic mechanism involved. Comprehen-
sive analysis of cocoon extracts by LC/MS/MS and NMR
spectroscopy identified piericidin derivatives (5) and strep-
tochlorin (6) as components of the protective antibiotics
(Fig. 1) (Kroiss et al. 2010). These antibiotics strongly
inhibited various entomopathogenic microbes including
Penicillium avellaneum and Paenibacillus larvae, demon-
strating that the cocktail of antibiotics produced by a specific
actinomycete symbiont constitutes a primary molecular
defense mechanism in this system. The distributions of the
identified antibiotics on beewolf cocoons were subsequently
analyzed by laser desorption/ionization (LDI)-time of flight
(TOF) mass spectrometry, and it was concluded that this
chemical biologic system utilizes symbiont-produced
antibiotics to defend wasp larvae against pathogens, which
parallels the ‘combination prophylaxis’ of human medicine
(Kroiss et al. 2010).

The continuous search for bioactive natural
products in the chemical biologic context of insect—
microbe symbiosis

Although complete chemical biology studies of insect—
microbe symbiotic systems are not always feasible, such

strategies might enable us to tap the huge chemical
diversity presented by insect-associated microorganisms
for drug discovery (Fig. 3). In 1950s, an Italian research
group discovered a toxic compound, pederin, in the
hemolymph of the rove beetle Paederus fuscipes (7) (Pa-
van and Bo 1953). In this study, structural determination
was enabled by collecting 250,000 beetles, but later the
true producer of pederin was identified by molecular bio-
logical analysis of the biosynthetic gene cluster of pederin
to be an endosymbiotic Pseudomonas inside female beetles
(Piel 2002). To date, this endosymbiotic bacterium has not
been cultured, and thus, no further chemical biology
studies have been conducted.

Investigations of insect-associated bioactive microbial
compounds started in the late 2000s. In 2008, Tan and co-
workers isolated the fungus Daldinia eschscholzii strain
from the gut of the mantis Tenodera aridifolia; a predator
of many insects feeding on endophyte-bearing plants
(Zhang et al. 2008). Chemical investigations of culture
extracts of this fungus resulted in the discovery of dale-
sconols A (8) and B, which possessed an unprecedented
carbon framework (Zhang et al. 2008). The findings of
other relevant investigations include: the production of new
cytotoxic furanone analogues, paraconfuranones A (9)-H
by a fungal strain belonging to Paraconiothyrium brasi-
liense isolated from the gut of the grasshopper, Acrida
cinerea (Liu et al. 2015); the production of a series of new
epipolythiodioxopiperazines, boydines A (10)-D, and
structurally novel sesquiterpenes, boydenes A and B (11)
by a symbiotic fungus Pseudallescheria boydii, in the gut
of the coleopteran larva of the beetle Holotrichia parallela
(boydine B displayed significant inhibitory activity against
clinically-relevant bacterial strains Bifidobacterium sp.,
Veillonella parvula, Anaerosterptococcus sp., Bacteroides
vulgatus and Peptostreptococcus sp.) (Wu et al. 2014); and
the production of a new polyketide glycoside, bionectriol A
(12) by a fungal strain belonging to Bionectra sp. associ-
ated with the fungus-growing ant (Apterostigma denti-
gerum) (Freinkman et al. 2009).

Chemical and biological studies of insect-associated
bacteria continuously lead to the discovery of bioactive
natural products. In 2011, a new 26-membered macrocyclic
lactam, sceliphrolactam (13), was reported from a Strep-
tomyces sp. strain associated with the mud dauber wasp,
Sceliphron caementarium (Oh et al. 2011). However, this
compound is extremely unstable, and thus, its absolute
configuration has not been determined. Subsequently, the
antifungal activity of sceliphrolactam was confirmed
against amphotericin B-resistant Candida albicans (Oh
et al. 2011). The above-mentioned studies originated from
the chemical analyses of wasp-associated Streptomyces
bacteria. Over 200 Streptomyces strains were selectively
isolated from solitary mud dauber wasps, S. camentarium
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Fig. 3 Microbial bioactive natural products discovered in the chemical biologic context of insect—microbe symbiosis

and Chalybion californicum (Poulsen et al. 2011). Many
bioactive compounds including sceliphrolactam were
identified in associated Streptomyces strains, demonstrating
that actinobacterial symbionts in Hymenoptera could offer
a rich source of bioactive compounds (Poulsen et al. 2011).
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New acrylamide (14) and oxazolidin (15) derivatives
were isolated from a Streptomyces sp. residing in the gut of
the termite Odontotermes formosanus (Bi et al. 2011), and
polyketide synthase—nonribosomal peptide synthetase
hybrid natural products, macrotermolides A (16) and B,
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have been discovered from a termite-associated Strepto-
myces sp. (Carr et al. 2012) Furthermore, continuous
research on the secondary metabolites of termite-associated
actinomycetes from Macrotermes natalensis colonies led to
the isolation of a highly modified geldanamycin compound,
natalamycin A (17) (Kim et al. 2014), and the antifungal
compounds, tyroscherin and N-methyltyroscherin (18),
were identified in a Pseudallescheria boydii fungal strain
isolated from the termite Nasutitermes sp. in France (Nirma
et al. 2013). In addition, rare actinomycete Amycolatopsis
from the grasshopper Oxya chinensis was found to produce
new tetrasaccharides, that is, the actinotetraoses A (19)-K
(Guo et al. 2012, 2013).

Dung beetle ecosystems are considered interesting in the
natural product chemical biology research field. These
beetles utilize feces to make brood balls and lay a single
egg inside each ball. Because larvae grow inside brood
balls and feed on feces, one would imagine that they are
potentially vulnerable to pathogens and probably protected
by some unknown mechanism. Accordingly, actinomycetes
associated with the dung beetle, Copris tripartitus, have
been studied in an effort to identify new bioactive natural
products. Neuroprotective phenylpyridines, coprismycins
A (20) and B, were discovered from in a Streptomyces sp.
found in the dung beetle ecosystem (Kim et al. 2011). This
class of phenylpyridines constituted a new chemotype and
displayed neuroprotective effects against MPP+ (1-
methyl-4-phenylpyrimidium)-induced neurotoxicity in
neuroblastoma SH-SYS5Y cells (Kim et al. 2011). In addi-
tion, a brood ball-associated Streptomyces strain yielded
the structurally unprecedented tricyclic compound, tripar-
tilactam (21), which incorporates a cyclobutane (Park et al.
2012). Although, its structural instability hampered com-
prehensive biological evaluation, tripartilactam was found
to inhibit Na*/K+ ATPase (Park et al. 2012). Dung beetle
larva also harbors diverse bacteria, which could produce
bioactive substances. An investigation of larva-associated
bacteria in the dung beetle C. tripartitus resulted in the
discovery of a dichlorinated indanone, tripartin (22) (Kim
et al. 2013), which was found to selectively inhibit histone
H3 lysine 9 demethylase KDM4 in HeLa cells, suggesting
its use as a chemical probe lead (Kim et al. 2013). In
addition, an Amycolatopsis sp. found in a female dung
beetle (C. tripartitus) produced the novel 3-furanone-
bearing polyketide, actinofuranone C (23) (Um et al.
2013b). As discussed for fungus growing termites above,
the gut microfloras of insects exhibit significant chemical
biologies, and a recent study of bioactive compounds from
bacteria in the gut of the dung beetle C. tripartitus led to
discovery of the novel cyclic heptapeptides coprisamides A
(24) and B (Um et al. 2015). These unusual compounds
incorporate modified amino acid units, such as, f-methy-
laspartic acid and 2,3-diaminopropanoic acid covalently

linked to valine. In addition, the coprisamides contain a
previously-unreported 2-hepatrienyl cinnamic acid acyl
chain unit. Coprisamides A and B significantly induce
quinone reductase activity, and thus are of interest as
potential chemopreventives.

Chemical biologies of microbial bioactive
secondary metabolites in marine invertebrate
ecosystems

Crustacean—episymbiotic bacterial chemical
interactions

One of the early examples cited regarding the chemical and
biological functions of microbial natural products was a
shrimp-microbe chemical interaction, whereby symbiotic
marine bacteria defend crustacean embryos from a patho-
genic fungus using a bacterial antibiotic (Gil-Turnes et al.
1989). It was previously documented that the pathogenic
fungus Lagenidium callinectes infects juveniles and larvae
of the shrimp Palaemon macrodactylus. However, inter-
estingly, externally-brooded embryos of this shrimp are
resistant to this fungus. Symbiotic bacteria on the surfaces
of healthy P. macrodactylus embryos were investigated to
decipher the resistance mechanism, and fortunately, a
culture-dependent approach resulted in the isolation of
several bacterial strains (the culture-independent genomic
approach was not available at the time). One strain I-2,
Alteromonas sp., was found to be sensitive to penicillin and
to inhibit effectively the proliferation of the pathogenic
fungus L. callinectes. Fenical and co-workers found that
this bacterial strain produced an antifungal in large quan-
tity, and subsequent isolation and structural determination
resulted in the identification of 2,3-indolinedione, isatin. In
order to investigate the chemical biology of isatin, a series
of experiments were performed. Briefly, four groups of
embryos were prepared. The first group was used as a
control. After eliminating symbiotic bacteria from embryos
in second, third and fourth groups using penicillin-G,
embryos in the second group received no further treatment;
embryos in the third group were re-exposed to the Al-
teromonas strain; and embryos in the fourth group were
dipped periodically in isatin solutions. These four groups
were then infected with the pathogenic fungus L. call-
inectes. The results obtained demonstrated that the
embryos treated with only penicillin (the second group)
had a dramatically lower survival rate than controls,
whereas embryos in the Alteromonas-reinfected group (the
third group) and in the isatin supplemented group (the
fourth group) did not. In addition, the pathogenic fungus
was observed to colonize the surfaces of embryos treated
with penicillin-G. These results firmly support the notion
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that the epi-symbiotic bacterial strain Alteromonas sp.
produces the antifungal agent, isatin, and that this protects
crustacean embryos from the pathogenic fungus (Gil-Tur-
nes et al. 1989). This study provides a seminal example of
the chemical biology of natural products.

Investigation of potential bioactive compounds
involved in coral-microbe chemical biology

Corals are marine invertebrates of the phylum Cnidaria and
are a rich source of bioactive mevalonate pathway derived
secondary metabolites, such as, terpenoids and steroids,
some of which are used for chemical defense (Fenical and
Pawlik 1991). Ecologically, corals are habitats for photo-
synthetic dinoflagellates and other diverse microbes that
can contribute to the host by providing nutrients and
recycling or assimilating host-producing ammonia (Burris
1983; Gates and Ainsworth 2011). In addition to nutrient
supply and waste control, the symbiotic microbial com-
munities on corals produce chemicals for host defense
against coral pathogens and predators (Ritchie 2006).

Pseudopterosin (25) and its analogs are tricyclic diter-
pene glycosides that were originally isolated from the
Caribbean soft coral Pseudopterogorgia elisabethae and
have been reported to have potent anti-inflammatory and
analgesic activities (Fig. 4) (Look et al. 1986a, b; Fenical
1987). After differential centrifugation, Mydlarz et al.
found pseudopterosins in fractions enriched with the genus
Symbiodinium, a symbiotic dinoflagellate of P. elisabethae
(Mydlarz et al. 2003). Furthermore, incubation of the
Symbiodinium enriched fraction with isotope labeled pre-
cursors resulted in the isolation of labeled pseudopterosins
(Mydlarz et al. 2003), suggesting symbiotic dinoflagellates
of P. elisabethae produced the pseudopterosin. Currently,
pseudopterosins are used as anti-inflammatory cosmeuti-
cals in skin care creams (Mayer et al. 1998), which pro-
vides an example of the commercial usage of microbial
natural products.

In 2008, a phenomenal microbial bloom was reported by
Smith and co-workers on Hawaiian coral reefs (Smith et al.
2008). The bloom-forming microbe was identified as
Leptolyngbya crossbyana a filamentous marine cyanobac-
terium, which had overgrown on the reef coral, Porites
compressa, in the Honaunau bay area. Smith and co-
workers found dead coral branches and coral bleaching
around cyanobacterial colonies, but without direct contact
between the two, and speculated the invading cyanobac-
terium produced toxins. The Gerwick group performed a
chemical investigation of this bloom-forming cyanobac-
terium and two different chemotypes of bioactive natural
products were subsequently identified by Choi and co-
workers (Choi et al. 2010, 2012). The novel chemical
entities of the first chemotype were crossbyanols A-D
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(heptabrominated pentaphenyl ethers showing sulphate
group variations). Honaucins possessing 4-chlorocrotonic
acid with a 3S-hydroxy butyrolactone or 3,4-dihydroxy
butanoate methyl or ethyl esters composed the second type.
In general, the surfaces of marine objects are covered with
microbial layers (biofilms) and the corals are known to be
well-defended by symbiotic microbe derived chemicals.
The two chemotypes isolated from L. crossbyana have
been tested using bioassay platforms related to the defense
mechanisms of corals, such as, anti-microbial activity,
cytotoxicity, quorum sensing inhibition, and anti-inflam-
matory activities. Of these compounds, crossbyanol B (26)
showed potent antimicrobial activity against methicillin
resistant Staphylococcus aureus (MRSA) and toxicity on
brine shrimp (Fig. 4) (Choi et al. 2010). Interestingly, the
honaucins showed potent anti-inflammatory activities on
lipopolysaccharide-stimulated murine macrophages and
inhibited quorum sensing signaling by Vibrio harveyi
BB120 and Escherichia coli JB525 (Choi et al. 2012). In
addition, Choi and co-workers prepared a small panel of
synthetic derivatives of honaucin A (27) and investigated
structure—activity relationships. They found a synergistic
effect between a halogenated o, unsaturated carboxylic
acid and a 3S-hydroxy butyrolactone; however, most of the
synthetic analogs produced, other than bromohonaucin A
(28), showed no improvement in bioactivity or chemical
stability (Fig. 4). As a result, they proposed the honaucins
are the result of natural evolution.

Chemical biology of the bryozoan Bugula neritina
and its associated bacterial metabolites

Bryozoans are sessile filter feeders and a known source of
potent cytotoxins. In 1968, a chemical investigation on the
extracts of marine organisms collected in Gulf of Mexico
was initiated for the purpose of anticancer drug discovery
(Halford 2011). Of the extracts of randomly collected
marine organisms, the extract prepared from a Bryozoan,
Bugula neritina, was discovered to have potent anticancer
activities by the National Cancer Institute (NCI). Fourteen
years later, Pettit and co-workers elucidated the structure of
the compound responsible for toxicity in an extract of B.
neritina (Pettit et al. 1982). The compound, which was
named “bryostatin 1 (29)”, possesses a 26-membered
macrolactone ring incorporating three pyran rings (Fig. 4).
To date, 20 different bryostatins have been identified
mainly from B. neritina (bryostatin 8§ was isolated from
Amanthia convolute).

Bryostatin 1 was first found during an anticancer drug
discovery program and follow-up study revealed that the
bryostatins are potent protein kinase C (PKC) modulators
and that this activity is due to binding to the diacylglycerol
binding site of the PKC regulatory domain (Nelson and
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Fig. 4 Bioactive natural products discovered based on chemical biology of the coral-bacterium association (25), the coral-cyanobacterium

association (26-28) and the bryozoan—bacterium association (29-34)

Alkon 2009). In vitro, bryostain 1 stimulates cell differ-
entiation and apoptosis and inhibits cell growth and
angiogenesis (Goekjian and Jirousek 2001). Because of its
potent activities in in vitro and in animal models, the
anticancer drug potential of bryostatin 1 was thoroughly
investigated. However, phase II trials were discontinued
due to low effectiveness and severe side effects, which
included myalgia (Propper et al. 1998). Bryostatins were
then investigated in combination therapies with other
chemotherapeutics, but unfortunately, the results obtained
did not justify further investigation (Kolla et al. 2014).

More recently, bryostatin 1 was found to have potential as
a treatment for Alzheimer’s disease, based on findings of
reduced amyloid B production and protection from neuro-
logical injury after acute cerebral ischemia in animal
models (Etcheberrigaray et al. 2004; Tan et al. 2013).
Currently bryostatin 1 is undergoing phase II clinical trials
for the treatment of Alzheimer’s disease (NCT02431468).
Bryostatins have also been reported to be potential anti-
HIV agents as they induce the activation of latent HIV
infected cells and facilitate their elimination (Mehla et al.
2010; DeChristopher et al. 2012).
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The chemical biological function of bryostatins in nature
was studied by the Haygood and Lindquist groups (Lopa-
nik et al. 2006; Trindade-Silva et al. 2010). Lopanik et al.
found bryostatins, particularly bryostatins 10 (30) and 20
(31) (Fig. 4), were used as chemical defense agents to
protect B. neritina against fish, corals, and sea anemones,
and interestingly, that bryostatin concentrations vary
throughout the life-cycle and the levels of these two
bryostatins are much lower in the adult than in larvae
(Lopanik et al. 2006). It has been speculated that the
bryostatins are used by B. neritina larvae to deter predators.

Of the biologically active marine natural products, the
bryostatins are chemically and biologically well studied
entities. The Pettit group recognized the presence of
bryostatin 1 in B. neritina collected in California coast, and
isolated 120 mg of bryostatin 1 from 500 kg of the animal
(Pettit et al. 1982). In 1991, the NCI undertook a massive
collection of B. neritina (~ 10,000 gallons of wet samples)
and successfully isolated 18 g of bryostatin 1 (Schaufel-
berger et al. 1991), which is sufficient to perform clinical
trials.

Scientists have been trying to develop an alternative
ways to obtain bryostatin 1 consistently without impacting
the environment, and two independent approaches based
microbiology and organic chemistry, have been developed.

In the microbiology field, there remains an issue regard-
ing the real producer of the bryostatins. An association
between rod-shaped bacteria and B. neritina has been con-
sistently observed through the lifecycle of B. neritina
(Woollacott and Zimmer 1975; Woollacott 1981). In par-
ticular, the larvae of B. neritina have been found to harbor
specific bacteria in the pallial sinus (Woollacott and Zimmer
1975). Later, these associated bacteria were identified as
Candidatus Endobugula sertula by molecular biological
study (Haygood and Davidson 1997). Based on the chemical
structure and the consistent presence of associated bacteria,
bryostatins were speculated to be of bacterial origin as
shown in Fig. 5. Antibiotic treatment resulted in a decrease
in both Ca. E. sertula population and bryostatin concentra-
tion in adult B. neritina (Davidson et al. 2001). Furthermore,
the larvae of antibiotic-treated B. neritina colonies showed
significant reductions in Ca. E. sertula populations and
bryostatin concentrations, and larvae free of the symbiont
were predated by fish (Lopanik et al. 2004). For some time,
microbiologists have tried to isolate this symbiotic bac-
terium and confirm it produces bryostatin, but as yet, no one
has been able to cultivate the bacterium.

On the other hand, feeding experiments on B. neritina
using isotope labeled precursors established that bryo-
statins are biosynthesized by a polyketide synthase (PKS)
pathway, which is commonly used in the bacteria (Kerr
et al. 1996). As a result, a metagenomic approach was
applied to B. neritina and PKS genes were rapidly
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identified in the metagenome samples containing Ca. E.
sertula (Davidson et al. 2001), and in addition, a putative
biosynthetic gene cluster for bryostatin (bry) was identified
(Hildebrand et al. 2004). The bry gene cluster is expressed
in Ca. E. sertula cells, but the gene is not expressed after
antibiotic treatment (Davidson et al. 2001). The heterolo-
gous expression of fragments of bry gene clusters con-
firmed the use of bry for the biosynthesis of bryostatins
(Lopanik et al. 2008; Buchholz et al. 2010). However, the
heterologous production of bryostatins has not been
achieved as yet.

The structural complexity of the bryostatins prevented
their chemical synthesis until 2008. Trost and Dong
reported the first synthesis of bryostatin 16 (32) in 2008
(Trost and Dong 2008), and in 2010, the Keck group suc-
cessfully synthesized bryostatin 1 (Keck et al. 2011). Later
in 2011, the Wender and Krische groups successfully
synthesized bryostatin 9 (33) and bryostatin 7 (34),
respectively (Fig. 4) (Wender and Schrier 2011; Lu et al.
2011).

Advances in the chemical biology of ascidian-
associated cyanobacterial secondary metabolites

The ascidians (also known as sea squirts) are sessile filter
feeders in the marine ecosystem, and are known to accu-
mulate diverse bioactive compounds. The colonial ascidians
(Didemnidae) are known to contain diverse cyanobactins,
which are highly modified cyclic peptides. The first two
cyanobactins, ulicyclamide (35) and ulithiacyclamide A (36)
(Fig. 6), were isolated in 1980 from the extract of Indo-
Pacific Lissoclinum patella (Didemnidae) (Ireland and
Scheuer 1980), and to date, over 30 cyanobactins, such as,
patellamides, ascidiacyclamides, lissoclinamides, ulicy-
clamides, tawicyclamides, preulithacyclamides, and the
patellins, have been reported; most of which were identified
in the colonial ascidian, L. patella. Many cyanobactins are
potently cytotoxic to various cancer cell lines (ICsq values as
low as 0.1 pg/mL), and thus, the NCI investigated the anti-
tumor activities of ulithiacyclamide A in two mouse models
(Sarcoma M5076 in BCF1 mice and Leukemia P388 in
CD2F1 mice) (more detailed information is available on the
NCI web site (http://dtp.nci.nih.gov)). However, drug
development based on ulithiacyclamide A was terminated
due to its high toxicity. A chemical ecological study showed
that the other cyanobactin, patellamide C (37) (Fig. 6),
deters predators in the marine environment, which suggests
patellamide C is a chemical defense principle of L. patella
(Paul 1992).

The marine ascidians also harbor a consortium of
microorganisms. The symbiotic relationship between the
Didemnid ascidians and the cyanobacteria Prochloron sp.
(formerly known as photosynthetic algae) was first reported
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Fig. 6 Representative cyanobactins (35-40) discovered from the association of marine ascidian and cyanobacterium

in the mid 1970s (Lewin and Withers 1975; Withers et al.
1978). Prochloron 1is a photosynthetic unicellular
cyanobacterium found embedded in the cavities between the
two tunic layers of host ascidians and provides photosyn-
thetic products to the host (Withers et al. 1978; Kiihl and
Larkum 2002; Hirose et al. 2006). Prochloron sp. are also
found in the other marine invertebrates with diverse sym-
biotic or associated microorganisms (Kiihl and Larkum
2002). Interestingly, diverse cyanobactins have been
observed in ascidians harboring Prochloron sp. Further-
more, most cyanobactins have been found in L. patella,
which harbors Prochloron as the only one symbiont.
Therefore, in the past, Prochloron sp. was considered to be

the original producer of cyanobactins. Several researchers
have isolated Prochloron sp. from L. patella tissues and
investigated cyanobactin production, but unfortunately
published results are inconsistent (Degnan et al. 1989).
The cyanobactins are all macro-cyclic peptides pos-
sessing D-amino acids and two or more heterocyclic rings,
such as, thiazole, thiazoline, and methyl oxazoline. Fur-
thermore, these structural features are widely found in
microbial and cyanobacterial metabolites produced via a
non-ribosomal pathway. Therefore, researchers investi-
gated the non-ribosomal polypeptide synthetase (NRPS)
pathways used to produce cyanobactins (Schmidt et al.
2004; Long et al. 2005). However, no NRPS gene clusters

@ Springer



1602

H. Choi, D.-C. Oh

related to cyanobactin biosynthesis were found (Schmidt
et al. 2004). Schmidt and co-workers performed complete
genome sequencing, and searched for all possible linear
amino acid combinations of patellamide A (38) in sequence
data, and then introduced putative biosynthetic gene clusters
into Escherichia coli, heterologously expressed the putative
pathway, and observed patellamide A production (Fig. 6)
(Schmidt et al. 2005). Jaspars and co-workers adopted a shot-
gun technique to clone fragments of the genomic DNA of a
cyanobactin producer to E. coli, and discovered the produc-
tion of patellamide D (39) and ascidiacyclamide (40) (Fig. 6)
(Long et al. 2005). These two independent approaches
demonstrate Prochloron sp. is the original producer of cya-
nobactins. Currently, the cyanobactins are considered the
products of ribosomally synthesized and post-translationally
modified peptide (RiPP) (Arnison et al. 2013).

Schmidt and co-workers further compared the patel-
lamide A producing gene clusters in the genome sequences
of 46 other ascidians (Donia et al. 2006), and found highly
conserved gene clusters (except for two regions in the gene
clusters encoding prepropeptides and the amino acid
sequences of variable regions) that exactly corresponded to
the amino acid sequence observed in mature peptides
before post-translational modification. In addition, they
observed conserved patterns in other species.

In this conserved gene clusters, the Schmidt group
analyzed the function of each conserved region of three
recognition sequences (RSs) for heterocyclase (RSI),
N-terminal protease (RSII), and C-terminal pro-
tease/macrocyclase (RSIII). Then, they verified that the
activities of cyanobactin producing gene clusters are highly
tolerant over an extremely high level of mutations on
variable sequences (Sardar et al. 2015). The authors con-
cluded that L. patella achieved chemical defense by har-
boring symbionts and rapidly upgraded the defense by
substrate evolution with hypervariable gene cassettes.
More recently, the use of a chemical biological approach to
biosynthetic gene sequence for patellamide led to combi-
natorial RiPP library construction by simple mutation of
the RiPP sequence (Ruffner et al. 2015).

The above provides an exemplary example of the
application of the chemical biology of natural products, as
it led to novel research techniques and to the utilization of
natural product producing machinery beyond the utilization
of bioactive natural products.

Conclusion
Natural products have played key roles in drug discovery
and development by providing new chemotypes and new

targets. However, conventional approaches to identify
and characterize bioactive natural products have been

@ Springer

dominated either by efforts that seek activities in specified
diseases or targets or simply by the chemical identification
of natural products without any knowledge of their bio-
logical functions. As reviewed here, microorganisms syn-
thesize and secrete compounds of pharmaceutical potential
that affect the physiologies of other neighboring microor-
ganisms or symbiotic hosts, as exemplified by chemical
biologic studies of insect—microorganism and marine
invertebrate—microorganism symbiotic systems. Continued
efforts to identify novel bioactive natural products using
natural chemical biologic perspectives that place emphasis
on the natural functions of microbial secondary metabolites
will undoubtedly lead to the discovery of novel chemo-
types and biological activities of potential utility for drug
discovery and development.
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