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Bacterial Tropone Natural Products and Derivatives:
Overview of their Biosynthesis, Bioactivities, Ecological Role
and Biotechnological Potential
Ying Duan,[a] Melanie Petzold,[a] Raspudin Saleem-Batcha,[a] and Robin Teufel*[a]

Tropone natural products are non-benzene aromatic com-
pounds of significant ecological and pharmaceutical interest.
Herein, we highlight current knowledge on bacterial tropones
and their derivatives such as tropolones, tropodithietic acid,
and roseobacticides. Their unusual biosynthesis depends on a
universal CoA-bound precursor featuring a seven-membered
carbon ring as backbone, which is generated by a side reaction
of the phenylacetic acid catabolic pathway. Enzymes encoded
by separate gene clusters then further modify this key
intermediate by oxidation, CoA-release, or incorporation of

sulfur among other reactions. Tropones play important roles in
the terrestrial and marine environment where they act as
antibiotics, algaecides, or quorum sensing signals, while their
bacterial producers are often involved in symbiotic interactions
with plants and marine invertebrates (e.g., algae, corals,
sponges, or mollusks). Because of their potent bioactivities and
of slowly developing bacterial resistance, tropones and their
derivatives hold great promise for biomedical or biotechnolog-
ical applications, for instance as antibiotics in (shell)fish
aquaculture.

1. Introduction

Structurally diverse natural products are typically generated by
dedicated secondary metabolic pathways that mostly operate
in microbes and plants. Although not strictly required for
growth, these specialized metabolites can improve the produc-
ing organism’s chances of survival. For instance, natural
products can serve as defensive or offensive weapons (anti-
biotics, toxins, virulence factors), signaling molecules (e.g., for
quorum sensing (QS)), pigments (melanin, carotenoids, etc.), or
siderophores to sequester metals.[1] In addition, many symbiotic
relationships involve secondary metabolites that can benefit
(mutualistic symbioses) or afflict the host (antagonistic symbio-
sis). The bioactivity of these compounds depends on specific
interactions with proteins or other macromolecules, albeit the
exact molecular target is often challenging to determine.
Typically, the biosynthesis of natural products (e.g., polyketides,
nonribosomal peptides, or terpenoids) depends on character-
istic enzymes for each compound class, which, in bacteria and
fungi, are commonly encoded in gene clusters. In many cases,
these specific gene signatures conveniently enable the in silico
detection of putative (novel) natural product gene clusters and
to some extent even the structural prediction of the respective
compounds.[2] On the other hand, noncanonical gene clusters/

pathways and unforeseen enzyme reactions may impair
detection and structural predictions.[3]

A remarkable case of such a noncanonical biosynthetic
route is found for bacterial tropone (9) natural products and
derivatives thereof, including tropolone (11) and more complex
sulfur-containing metabolites such as tropodithietic acid (15).
These non-benzenoid aromatic compounds are of high ecolog-
ical and pharmaceutical relevance and are mainly generated
from phenylacetic acid (paa (1)) in bacteria, as outlined in this
review (Figure 1).[4] It is noteworthy that tropone-moieties are
also found in few actinobacterial aromatic polyketides (e.g.,
rubrolone),[5,6] which are synthesized differently and will not be
further discussed here. In addition, tropones are produced by
fungi and plants according to unrelated pathways. For an
overview of plant and microbial tropone natural products
including their chemical synthesis, we would like to refer the
reader to other recent excellent reviews.[6–9] This review provides
a comprehensive summary of the enzymology underlying
bacterial 1-derived tropone biosynthesis, while also highlighting
the compounds’ bioactivities, roles in symbioses, and possible
biotechnological applications.

2. Biosynthesis and Occurrence of Bacterial
Tropones and Derivatives

2.1. Sources of phenylacetic acid as precursor for the tropone
backbone

Thiotropocine, which represents a tautomer of both 15 and
troposulfenin (Figure 1), was isolated more than 35 years ago
from Pseudomonas sp. CB-104 and among the first reported
bacterial tropone natural products.[10] Meanwhile, numerous
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bacteria are verified producers, including Gram-negative such
as Burkholderia spp. or Roseobacter spp. but also Gram-positive
like Streptomyces spp..[6,7,11] The biosynthesis of tropones is
unusual and distinct from typical secondary metabolism, as the
carbon backbone is generated by a primary catabolic pathway,
i. e. the aerobic degradation of 1 (Figure 1).[12]

Compound 1 can either be obtained by direct uptake from
the environment or by catabolism of diverse aromatic com-
pounds (e.g., styrene, ethylbenzene or phenylalanine), which
are first converted to 1 in peripheral (upper) pathways. This
strategy reduces the amount of enzymes required for the

subsequent concerted degradation of 1 in central (lower)
pathways.[12,13] Alternatively, 1 is provided by the anabolic
shikimate pathway from the precursors phosphoenolpyruvate
and erythrose-4-phosphate that are converted to phenylpyr-
uvate via various intermediates such as d-arabino-heptulosonic
acid-7-phosphate (DAHP), shikimate, chorismate, and
prephenate.[14,15] Bacteria that are specialized in tropone for-
mation tend to synthesize the pathway precursors de novo
according to the shikimate pathway and thus do not rely on
exogenously provided aromatics. Typically, the genes required
for 1 catabolism are clustered in bacteria (Figure 2), and the
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Figure 1. Overview of the bacterial catabolic pathway of 1 and formation of tropone natural products. Top: catabolic pathway converting 1 into 7. Enzyme
mechanisms and structures are shown in Figures 3–6. Final β-oxidation-like steps producing acetyl� CoA and succinyl� CoA are not shown in detail. A key
intermediate for tropone formation is the highly reactive 6 (circled in blue), which arises from hydrolytic ring-cleavage catalyzed by PaaZ� ECH (see text for
details). Bottom: Spontaneous conversion of 6 into 8 (circled in red) that represents the proposed universal precursor for tropone natural products derived
from 1 with some examples shown to the right. For tentative pathways of the different types of tropones, see Figures 7 and 8. Note that the carbon
numbering of the compounds corresponds to 6 (not according to IUPAC rules).
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encoded enzymes that are required for the formation of the
tropone backbone 2-hydroxycyclohepta-1,4,6-triene-1-
formyl� CoA (8) have been comprehensively studied. This
includes the detailed structural and mechanistic investigation of
the involved enzymes, as outlined in the following sections.

2.1.1. Phenylacetyl� CoA synthetase PaaK

As a first step of the 1-catabolic pathway,[12] 1 is converted to
phenylacetyl� CoA (2). In 15-producing Phaeobacter inhibens
(formerly P. gallaeciensis DSM 17395), it was also shown that
phenylalanine can be directly converted to 2 via phenyl-
pyruvate, thus skipping 1 as an intermediate during 15
biosynthesis.[16] Typically, however, 1 is first ligated to coenzyme
A (CoA) by phenylacetyl� CoA synthetase PaaK in an ATP and
Mg2+-dependent reaction with AMP and PPi as co-products.[17]

PaaK functional homologues are typically highly specific for
phenylacetate and belong to a subgroup of the adenylate-
forming enzyme (AFE) family,[18] whose members first catalyze
the adenylation of a carboxylate group (yielding an acyl� AMP
intermediate), before a conformational change of the C
terminus enables thioester formation.[19] Protein structures of
PaaK have been elucidated from the pathogenic Burkholderia
cenocepacia that causes infections in cystic fibrosis patients.
Interestingly, B. cenocepacia encodes two paralogous enzymes

(PaaK1 and PaaK2) for unknown reasons with slightly different
aryl binding pockets resulting in distinct substrate scopes and
kinetics (e.g., PaaK1 more readily accepted 3- and 4-substituted
substrates such as 4-hydroxyphenylacetic acid). Several struc-
tures of protein-substrate complexes were solved, for example,
of PaaK1 in complex with ATP (conformation 1) or of PaaK2
with the bound phenylacetyl� AMP intermediate (conformation
2). Hence, similar to other members of the AFE family, a mobile
C terminus undergoes conformational changes required for
adenylation (conformation 1) and thioesterification (conforma-
tion 2; Figure 3). In addition, PaaK1 and PaaK2 feature a small
N-terminal microdomain, which may possibly promote the
interaction with other catabolic enzymes.[18]

2.1.2. Phenylacetyl� CoA epoxidase PaaABCE

PaaABCE is an unusual diiron-dependent multicomponent
monooxygenase that epoxidizes the aromatic ring of 2. PaaE is
essential for reduction and thus activation of the diiron center
from the catalytic subunit PaaA, whereas PaaC (a non-iron
containing homologue of PaaA) and PaaB presumably have
structural, noncatalytic roles. In PaaA, 2 binds in a hairpin
conformation with both ends (i. e., the adenine and phenyl
moieties) pointing toward the active site, while the diphosphate
group of the CoA moiety forms a bend close to the protein

Figure 2. Selected bacterial 1 catabolic gene clusters. Important genes encoding enzymes required for tropone formation are color coded: paaK (brown),
paaABC(D)E (yellow), paaG (blue), and paaZ (green; N-terminal aldehyde dehydrogenase (ALDH) domain in light green, C-terminal enoyl� CoA hydratase (ECH)
domain in dark green). Note that many bacteria do not encode fusion protein PaaZ, but rather separate ECH and ALDH enzymes (ECHs are sometimes not
present in the cluster but encoded elsewhere in the genome). PatB (pink) is most likely required for formation of the sulfur precursor of tropodithetic acid and
roseobacticides (see text for details).
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surface. As a result, the C1� C2 atoms of 2 are positioned next
to the diiron center for epoxidation.[20,21] The two iron ions are
likely complexed via the side chains of Glu42/Glu72/His75 and
Asp126/Glu155/His158, respectively.[22] Substrate oxygenation
then likely proceeds analogous to the well-studied soluble
methane monooxygenase.[12,21] Accordingly, upon substrate
binding, the diiron center ground state of PaaA is reduced to
FeIIFeII by electrons delivered from PaaE. Through reaction of
FeIIFeII with O2, the key oxygenating “diamond core” intermedi-
ate FeIV(μ-O)2Fe

IV[23] is formed that epoxidizes C1� C2 of 2 and
thus affords the non-aromatic 1,2-epoxyphenylacetyl� CoA (3)
(Figure 4).

High-resolution structures are only available for the PaaAC
subcomplex.[22] However, from a low-resolution crystal structure,
electron microscopy and small angle X-ray scattering, the role
of PaaB could also be deduced. PaaA, B, and C accordingly
assemble into a 2 :2 : 2 heterohexamer ((PaaACB)2) with the PaaB
dimer acting as bridge between the two PaaAC heterodimers
(Figure 4).[24] In contrast, the reductase component PaaE that
belongs to the class IA reductases shows only weak interaction
with other subunits and no structure of the whole complex has
been solved yet.[12,21] PaaE features an NADPH-binding domain
and additionally contains a bound FAD cofactor as well as a
ferredoxin-like [2Fe-2S] cluster. Based on structural modeling,
PaaE may bind to PaaA in a way that orients the [2Fe-2S] cluster
toward the diiron site.[22,24] Electrons accordingly flow from
NADPH via FAD and the [2Fe-2S] cluster to PaaA.[21] A conserved

constellation of several amino acid residues of PaaA (Lys68,
Glu49, Glu72 and Asp126 referred to as the “lysine bridge”) was
furthermore proposed to participate in the relay of electrons
from PaaE to PaaA’s diiron center.[22,24] Originally, it was assumed
that PaaD is also part of the monooxygenase complex. Yet,
PaaD showed no interaction with other subunits and proved
obsolete for catalytic activity in vitro. Instead, it was proposed
that PaaD may be required for the maturation of the iron-
containing subunits A and/or E.[12,22]

2.1.3. 1,2-Epoxyphenylacetyl� CoA isomerase PaaG

The PaaABCE-produced intermediate 3 is highly unstable and
prone to undergo epoxide ring opening and rearomatization by
deprotonation from ring C2. The resulting 2-
hydroxyphenylacetyl� CoA then likely eliminates CoA by intra-
molecular acid anhydride formation.[21] Moreover, as an intrinsic
feature of epoxybenzene moieties (as part of 3), a spontaneous
and reversible electrocyclic rearrangement takes place to the
respective oxepinyl tautomer (4).[25] Possibly, 4 is then processed
by PaaG,[12,26] which has recently been characterized in detail.[27]

PaaG is homologous to Δ3,Δ2-enoyl� CoA isomerases and
employs a catalytic aspartate side chain (Asp136 in Thermus
thermophilus) for the reversible proton shuttling between C2
and C4 of 3/4, which affords (Z)-2-(oxepin-2(3H)-ylidene)-
acetyl� CoA (“oxepin� CoA”, 5). The thioester enolate transition

Figure 3. Crystal structures of PaaK paralogues from Burkholderia cenocepacia.[18] Overlay of PaaK1 in conformation 1 adopted for adenylation (purple, mobile
C-terminal domain in light blue; PDB ID: 2Y4N) and PaaK2 in conformation 2 required for thioesterification (dark blue, mobile C-terminal domain in green; PDB
ID: 2Y4O). The inset shows a close-up of the active site with critical residues and bound intermediate phenylacetyl� AMP (in yellow) as sticks. The reaction
sequence for the conversion of 1 to 2 is shown at the bottom.
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state is thereby stabilized by H-bonding with the main chain
amides of conserved Gln and Ala residues in the “oxyanion
hole” (Figure 5).[27]

Typically, Δ3,Δ2-enoyl� CoA isomerases are auxiliary enzymes
in fatty acid degradation required for the β-oxidation of linear,
unsaturated fatty acids with a double bond at an odd position.
In fact, it was recently shown that PaaG also catalyzes such a
reaction in a downstream step in 1 catabolism and converts cis-
3,4-didehydroadipoyl� CoA into trans-2,3-
didehydroadipoyl� CoA.[27] PaaG complex structures with native
ligands, however, revealed mobile elements that also allow the
accommodation of the bulkier 3/4. Moreover, a mobile tyrosine
side chain (Tyr80 in T. thermophilus) expels water by forming a
lid over the active site upon ligand binding and may thereby
prevent uncontrolled and undesired water addition to the β-
carbon, while promoting isomerase functionality (Figure 5).[27]

PaaG thus elegantly acts as mediator between aromatic
degradation and fatty acid metabolism by generating 5 that
mimics a typical substrate for β oxidation (i. e., an α,β-
unsaturated CoA ester), which is prone to undergo subsequent
ring hydrolysis at the β-carbon.

2.1.4. Bifunctional oxepin� CoA hydrolase and aldehyde
dehydrogenase PaaZ

The last enzyme required for formation of the proposed
tropone precursor is the ring-cleaving PaaZ, which in most 1-

degrading bacteria is a fusion protein consisting of a C-terminal
enoyl� CoA hydratase (ECH) domain and an N-terminal NADP+

-dependent aldehyde dehydrogenase (ALDH) domain. In some
bacteria, the paa cluster only codes for an NAD+-dependent
aldehyde dehydrogenase (e.g., PacL of Azoarcus evansii), where-
as an ECH is encoded elsewhere.[14] The hot dog-fold PaaZ� ECH
domain was originally named monoamine oxidase C (MaoC) in
Klebsiella aerogenes, as the paaZ gene was found adjacent to
maoA, padA, and maoB.[28] MaoA functions as an amine oxidase
that converts, for example, phenylethylamine to phenylacetal-
dehyde, which is then processed to 1 by phenylacetaldehyde
dehydrogenase PadA. Hence, a peripheric (upper) pathway and
the central (lower) 1 catabolic pathway are clustered in K.
aerogenes, which resulted in the (misleading) annotation of the
PaaZ� ECH domain and homologous proteins as MaoC-like
proteins that, however, rather act as R-specific enoyl� CoA
hydratases.[14] These enzymes function analogously to the non-
homologous S-specific enoyl� CoA hydratases.[29] However, be-
cause the active centers of both types of hydratases are
organized in a mirrored fashion, the resulting products have
inverted stereochemistry.[30]

PaaZ from Escherichia coli K12 forms homohexamers with a
trilobed architecture, in which each lobe consists of an intertwined
PaaZ dimer with swapped ECH domains (all six ECH domains
together form the inner core of the protein complex).[31] PaaZ� ECH
was shown to efficiently cleave oxepin� CoA, most likely via an
acid-base mechanism (Figure 6).[14,30] Ring cleavage by PaaZ� ECH
is accordingly initiated by attack of a hydroxyl ion (i.e., generated

Figure 4. Composite representation of structures of the E. coli PaaAC subcomplex with bound 2 (PaaA in blue; PaaC in orange; PDB ID: 3PW1) and PaaB from
Klebsiella pneumonia (red; PDB ID: 4IIT) that form heterohexamers (Paa(ABC)2). The inset shows the active site of PaaA with bound 2 (yellow sticks), critical
amino acid residues (blue sticks) and two modeled iron ions.[22,24] Note that the interaction of the reductase subunit PaaE with the other subunits remains to
be elucidated. Bottom: schematic representation of the proposed redox states of the diiron center and the reaction sequence catalyzed by PaaABCE.[21]
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with the help of the catalytic Asp561 and His566 side chains;
numbering for these and the following residues according to E.
coli K12) on the β-carbon of the CoA� thioester enolate. Analogous
to PaaG, the thioester enolate is stabilized by H-bonding to the
conserved Gly584 main chain. Both PaaG and PaaZ thus require
CoA ester substrates for catalysis to enable the formation of
enolate transition states, which may explain the atypical usage of
CoA� esters in an aerobic aromatic degradation pathway. The
newly introduced hydroxyl group is then converted to a ketone
under concomitant C� O bond cleavage that opens the ring and
ultimately affords the highly reactive 3-oxo-5,6-
dehydrosuberoyl� CoA semialdehyde (6) after keto-enol tautomer-
ism (Figure 6). However, no direct evidence for formation of
unstable 6 could be provided so far, as chemical trapping of the
aldehyde functionality with semicarbazide or phenylhydrazine
failed.[14]

Compound 6 is then further oxidized by the N-terminal
NADP+-dependent ALDH domain of PaaZ into 3-oxo-5,6-
dehydrosuberoyl� CoA (7). This step likely proceeds via forma-

tion of a covalent thiohemiacetal between the substrate and
the Cys295 side chain, while the formed oxyanion is stabilized
by H-bonding interaction with the Asn158 side chain and the
Cys295 main chain amide.[14,32] This enables subsequent hydride
abstraction by NADP+, followed by addition of a nucleophilic
hydroxide ion (generated by the Glu256 side chain that
functions as catalytic base) to the transient thioester. Finally,
the covalent bond is resolved and 7 is released. Further β-
oxidation-like steps in the 1-catabolic pathway convert 7 into
two molecules of acetyl� CoA and one succinyl� CoA, which are,
however, not required for tropone natural product formation
and will not be further discussed here.[12,27]

2.1.5. Formation of the tropone backbone via spontaneous
Knoevenagel condensation

In previous studies, 8, which represents the proposed precursor
for bacterial tropone natural products (and most likely ω-cyclo-
heptyl fatty acids), was serendipitously discovered.[14] In the course
of the mechanistic investigation of PaaZ, an enzyme variant
PaaZ� E256Q with abolished ALDH functionality surprisingly accu-
mulated 8 rather than the expected 6. Formation of 8 from 6 can
be rationalized by a spontaneous Knoevenagel condensation, in
which the nucleophilic C2 attacks the terminal C8-aldehyde to
form a seven-membered ring. This is accompanied by the
elimination of water and thereby generates 8 (Figure 1). This side
reaction was in fact even observed in in vitro assays with the PaaZ
wild type, leading to formation of minor amounts of 8 next to the
main product 7.[14] These results suggested that 8 formation
cannot be entirely prevented during 1 catabolism and bacteria
seemingly adapted to this pitfall by developing different strategies.
For instance, thioesterase PaaY was recruited for the pathway,
which shows high specificity for 8 and thus prevents the
potentially lethal depletion of the cellular CoA pool.[21] PaaY
thereby also ensures that the 1 catabolic pathway remains
functional, as 8 (but not the CoA-free 2-hydroxycyclohepta-1,4,6-
triene-1-formate) inhibits PaaZ.[21]

Moreover, the usage of a fusion protein for processing of 5
was proposed to be advantageous by allowing channeling of 6
from the ECH to the ALDH domains to expedite its oxidation
and prevent excessive 8 formation.[14] Recently, this hypothesis
was corroborated by structural studies of PaaZ including small-
angle X-ray scattering and cryogenic electron microscopy.[31]

Accordingly, the active site of a PaaZ� ECH domain was found
closest to the ALDH substrate-binding tunnel of its intertwined
partner monomer rather than its own ALDH domain (Figure 6).
Presumably, substrate channeling is then achieved via a set of
conserved positively charged residues that promote the electro-
static pivoting of the CoA moiety and thus the transfer of 6
between the ECH and ALDH active sites of the partner
monomers.[31] However, many bacteria apparently found a more
remarkable strategy for preventing CoA depletion and make
use of 8 as precursor for tropone natural products (such as 15)
and ω-cycloheptyl fatty acids.

Figure 5. Crystal structures of PaaG from T. thermophilus. Top left: Surface
representation of the trimeric PaaG� D136N variant in complex with product
5 (as spheres). Top right: Overlay of monomers of apo� PaaG (pink; PDB ID:
6SL9) with PaaG D136N-5 complex (green; PDB ID: 6SLA chain A). The insets
show the active sites with critical residues and 5 as stick models. Upon
ligand binding, the Tyr80 side chain undergoes a conformational change
and expels water molecules by forming a lid over the active site. Bottom:
Reaction sequence catalyzed by PaaG for the conversion of 3/4 into 5
including the catalytic aspartate side chain and thioester enolate transition
states stabilized by hydrogen bonding interactions with Ala105 and Gln61.
The shuttled proton is highlighted in red.
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2.2. Modification of the tropone backbone to natural
products

Numerous bacterial tropone natural products are derived from
8, which in turn is produced during (partial) 1 degradation.
Some tropones are only slightly modified and may be formed
from 8 without the requirement of additional dedicated
enzymes, whereas more heavily modified tropolones (e.g., 7-

hydroxytropolone (12) or 3,7-dihydroxytropolone (13)) and
complex sulfur-containing tropones (15 or roseobacticide B (16)
and congeners) require an extended set of enzymes, as outlined
in the following sections. It is noteworthy that approximately
16% of bacteria feature conserved genes of the 1 catabolic
pathway and are thus among the potential producers of
tropones. For example, a simple (point) mutation in PaaZ� ADLH

Figure 6. CryoEM structures of bifunctional PaaZ from E. coli with distinct ECH and ALDH domains.[31] Overlay cartoon representation of hexameric, trilobed
PaaZ (each lobe consists of an intertwined dimer). The substrate analogue crotonyl CoA bound in the active site of the ALDH domain was experimentally
observed (green chains, PDB ID: 6JQN), whereas octanoyl CoA was modeled into the ECH active site (blue chains, PDB ID: 6JQO). Remaining protein segments
are in gray. The domain organization of a PaaZ monomer is illustrated below with the same color code (according to Uniprot ID: P77455). The active site of
the PaaZ� ECH domain of one monomer is close to the ALDH substrate-binding tunnel of its intertwined partner monomer. The dehydrogenase domain active
site comprises the catalytic nucleophile Cys295 and base Glu256. The insets display the active sites with critical residues and the substrate mimics as sticks
(yellow). The proposed PaaZ catalytic mechanism is shown at the bottom (see text for details).
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could conceivably turn a 1-degrader into a producer of tropone
natural products (as recently demonstrated for E. coli).[33]

2.2.1. Non-sulfur containing tropone and tropolone natural
products

Simple derivatives of 8 are cyclohept-4-enol, cyclohept-4-enone,
9, tropone hydrate (10), and the C2-oxidized 11 that were
previously isolated from phylogenetically diverse bacteria. For
example, such compounds were detected among bacterial
volatiles[34] and some were clearly shown to be derived from
1.[35] In addition, 11 represents a virulence factor of several
closely related terrestrial pathogenic Burkholderia species that
are causal agents of bacterial panicle blight (also referred to as
bacterial grain rot) and pose a global threat to rice production
(see Section 4.1).[36,37] Insights into the generation of 9 came
from studies with an Azoarcus evansii mutant strain with
deleted pacL (encoding an ALDH responsible for the oxidation
of 6 into 7 analogous to PaaZ� ALDH) that could no longer
grow on 1 and instead accumulated 9 when cultivated in the
presence of 1 in contrast to the wild type.[38] This suggested
that 9 can be formed without dedicated enzymes and possibly
spontaneously from the free acid of 8.[14] Accordingly, following
CoA hydrolysis by PaaY, (spontaneous) decarboxylation is then
enabled by the β-keto group, before autooxidation generates 9.
Most likely, 9 can then either undergo spontaneous or
enzymatic water addition to form 10, or become oxidized by a
hydroxylase to 11 (Figure 7).

Interestingly, Streptomyces sp. were also reported as
producers of tropones such as 13 first isolated from S.
tropolofaciens.[39] More recently, S. cyaneofuscatus Soc7 and S.

luteogriseus Slg41 were also shown to produce 13 at high titers
in addition to other tropolones such as 12 or 5-hydroxytropo-
lone (14;[40] Figures 1 and 7). These Gram-positive bacteria
generate 13 via a dedicated gene cluster (named trl) that
promotes the shunting of the 1 catabolic pathway.[40] In total,
nine additional genes (trlA–trlH and trlR) organized in three
operons were found in this gene cluster. Heterologous
production and gene deletion experiments confirmed 9, as well
as 11, and 12 as intermediates in 13 biosynthesis. It is
noteworthy that 12 was also among the first isolated bacterial
tropolones originally obtained from S. neyagawaensis,[41] which
may thus harbor a similar gene cluster. TrlR is a predicted TetR
family transcriptional regulator. Two enzymes (TrlB and TrlH)
most likely boost production of pathway precursors by
synthesizing phenylpyruvate via the shikimate pathway, which
can be further converted to 1. Presumably, TrlB functions as
DAHP synthase, whereas TrlH is a bifunctional enzyme that
converts chorismate via prephenate into phenylpyruvate (Fig-
ure 7). Hence, both TrlB and TrlH likely are involved in the de
novo formation of 1 that can be further processed to 8.
Precursor supply possibly also involves TrlG, which was
hypothesized to catalyze the conversion of phenylpyruvate into
1.[40]

Notably, the two crucial enzymes for redirecting the
metabolic flow of the 1 catabolic pathway are TrlA and TrlF.
TrlA is a homologue of PaaZ� ECH that cleaves 5 and thereby
steers formation of 8, as an ALDH is not encoded in the cluster.
In contrast, TrlF is a homologue of the thioesterase PaaY that
specifically hydrolyses the CoA thioester of 8[21] and may
conceivably also promote the subsequent decarboxylation.
Tropolone formation in the final pathway steps then involves
flavin monooxygenase TrlE and two-component flavin mono-

Figure 7. Tentative biosynthetic schemes of non-sulfur tropone natural products (for 1 catabolic gene clusters, see Figure 2). Most likely, all compounds are
derived from 8 (circled in red). Compounds 9 and 10 may be formed spontaneously following CoA hydrolysis of 8 by PaaY (or TrlF). Compounds 11, 12, and
13 require oxygenases such as TrlCDE encoded by the trl gene cluster (see bottom box). This cluster also encodes enzymes that likely boost the de novo
formation of 1 via the shikimate pathway, that is, TrlB, TrlH and TrlG (similarly, TdaC might boost the biosynthesis of 15, see also Figure 8). The proposed Trl
enzyme functions were largely deduced from gene knock-out studies and remain to be verified.
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oxygenase TrlCD for 11 and 13 formation, respectively. Other 1
catabolic enzymes required for 8 formation (PaaK, PaaABCE,
and PaaG) are encoded elsewhere in the Streptomyces sp.
genome.[40]

2.2.2. Complex sulfur-containing tropone natural products

2.2.2.1. Tropodithietic acid biosynthesis

In addition to these simple derivatives, more complex, sulfur-
containing natural products such as 15 are produced from 8. In
contrast to the early 1 catabolic steps, however, the involved
enzymes for downstream processing of 8 are only tentatively
assigned. Early studies using random transposon insertion
mutagenesis identified a total of 12 genes presumably required
for 15 biosynthesis in Ruegeria and most likely in other genera
of the Rhodobacteraceae (e.g., Roseobacter, Phaeobacter,
Pseudovibrio).[4] This included genes of the 1 catabolic gene
cluster (paaIJK, which are differently annotated and equivalent
to paaCDE, see Section 2.1.2.) as well as several genes
(tdaABCDEF) of the newly discovered tda (tropodithietic acid)
cluster that was found on a separate plasmid. Interestingly,
aside from paaZ1 located together with the 1-catabolic genes,
P. inhibens featured a second copy (paaZ2) adjacent to the tda
cluster (Figure 8). In contrast to PaaZ1� ALDH, the predicted
PaaZ2� ALDH domain shows low similarity to other PaaZ
homologues and carries a key mutation, i. e. the predicted
catalytic cysteine residue required for formation of the
thiohemiacetal is replaced with an arginine. PaaZ2 is thus likely

only able to hydrolyze 5, thereby promoting 8 formation.[42]

Hence, this represents an analogous strategy for pathway
rerouting as employed by Streptomyces sp. (Section 2.2.1.).

The first step unique to 15 biosynthesis after 8 formation
may be catalyzed by TdaE, which shows weak homology to
acyl� CoA dehydrogenases that catalyze two-electron oxidation
reactions of CoA-bound substrates. TdaE may accordingly
oxidize 8 into troponylformyl� CoA (17; Figure 8).[43] Notably,
this reaction may also occur spontaneously, as implied by the
observed formation of 9 in the A. evansii pacL mutant strain.
The ring oxidation also increases the reactivity of the molecule,
which becomes prone to undergo decarboxylation after CoA-
hydrolysis due to the presence of a β-ketone.

An intriguing process in 15 biosynthesis is the sulfur
incorporation and formation of the dithiet moiety. Most likely,
the formation of the sulfur precursor depends on the
cystathionine-β-lyase-like enzyme PatB. First hints came from
transposon mutagenesis of P. inhibens that indicated the
requirement of patB for 15 biosynthesis.[44] The important role
of PatB was later corroborated by gene deletion of patB that
abolished the production of 15 in P. inhibens, which could
neither be salvaged by cysteine nor homocysteine addition.[42]

Feeding experiments in the same study with various [34S]-
labeled precursors, however, showed the incorporation of
labeled sulfur into 15 from NaH34SO4, [34S]-l-cysteine, as well as
its dimer [34S]-l-cystine.[42] The following detailed in vitro studies
of PatB compellingly demonstrated that l-cystine is cleaved by
PatB into pyruvate, ammonium, and the unstable S-thio-l-
cysteine (20), thus implying that this highly unstable compound
might represent the sought-for sulfur precursor. PatB displayed

Figure 8. Tentative biosynthetic scheme and tda gene clusters for sulfur-containing tropone natural products such as 15, 16 and 21 (see Figure 2 for 1
catabolic gene clusters). Most likely, all compounds are derived from 8 (circled in red). All proposed enzyme functions remain (highly) speculative.
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a broader substrate scope and could (among other sulfur- or
selenium containing substrates) also less efficiently cleave l-
cystathionine into l-homocysteine and ammonium, analogous
to l-cystathionine β-lyases involved in the primary metabolism
of sulfur.[45]

A plausible candidate for the incorporation of the PatB-
produced 20 is the predicted β-etherase/glutathione-S-trans-
ferase TdaB. Typical β-etherases catalyze the cleavage of β-O-4
aryl ether bonds between aromatic subunits in lignin[46] via
formation of a glutathione adduct, while glutathione-S-trans-
ferase are involved in the detoxification of xenobiotics and
provide resistance against oxidative stress.[47] These enzymes
mediate a nucleophilic attack of glutathione on their substrates.
Hence, instead of glutathione, TdaB may combine 20 with 17 to
form 18 via a Michael addition that is probably enabled by the
prior TdaE-mediated oxidation step (Figure 8). Then, 18 could
be oxidized into 19 by TdaF, which is a predicted flavin
mononucleotide (FMN)-dependent enzyme. TdaF resembles
phosphopantothenoylcysteine decarboxylase from coenzyme A
biosynthesis that catalyzes the FMN-mediated oxidation of
phosphopantothenoylcysteine, followed by decarboxylation
and reduction of the generated intermediate with FMNH2,
which thus regenerates FMN.[48] In the case of TdaF, the
resulting thioaldehyde co-product may then be analogously
decarboxylated and reduced to cysteamine by FMNH2, follow-
ing the oxidation of 18.[42] Conceivably, 19 is once more
processed by PatB, TdaB and TdaF to install the second sulfur,
before a final spontaneous (or enzyme-mediated) oxidation
affords 15 (Figure 8).

As of yet, it remains unclear whether elimination of CoA
during 15 biosynthesis occurs before or after formation of the
dithiet moiety. Two enzymes are plausible candidates for
catalyzing the required CoA� ester hydrolysis. First, PaaY, which
is encoded by the 1 catabolic gene cluster. Because of the
structural similarity to the native substrate 8, it is highly likely
that 17 and possibly later intermediates are also processed by

PaaY. In addition, the tda cluster encodes another predicted
thioesterase TdaD that could fulfill such a role, possibly in one
of the final pathway steps.[42]

The role of TdaC remains obscure; it was proposed as
dehydratase for formation of 8 from 6.[43] Yet, the dehydration
occurs spontaneously as part of the Knoevenagel condensation
without accumulation of any intermediates and an involvement
of an enzyme thus appears redundant. As TdaC weakly
resembles prephenate dehdratases of the shikimate pathway, it
could instead be used for the conversion of prephenate into
phenylpyruvate and thus provide precursors for tropone
biosynthesis similar to TrlB and TrlH in Streptomyces sp.
(Figure 7). The last encoded protein, TdaA, functions as a
positive regulator of the tda cluster.[49] In addition to 15, an
unusual antibacterial sulfur-bridged tropolone dimer (21) was
described from Burkholderia cenocepacia that likely also derives
from 8 (Figure 8).[50]

2.2.2.2. Roseobacticide biosynthesis

Interestingly, some 15 producers such as Phaeobacter sp.
produce another class of tropone natural products with more
complex carbon backbone referred to as the roseobacticides
with at least 11 naturally occurring analogues (Figure 9).[51–53]

These compounds are key to a remarkable symbiosis of P.
inhibens with the microalga Emiliania huxleyi. While 15 protects
the algae from bacterial pathogens, a biosynthetic switch from
formation of 15 to the algaecidal roseobacticides leads to host
death (see Section 4.3.). Using transposon mutagenesis, it was
found that roseobacticide biosynthesis mainly or exclusively
depends on the same gene set as 15, i. e. the 15 operon, the 1
catabolon, as well as patB.[54] This is supported by another study
that analyzed 33 genomes of members of the Rhodobacter-
aceae. Compound 15 and roseobacticides were produced by 27
and 18 species, respectively.[55] Among these, all 20 strains of P.

Figure 9. Structural variations of roseobacticides A–K.[51]
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inhibens, P. piscinae, and P. porticola were producers of 15.
Strikingly, these 15-producing Phaeobacter sp. also generated
roseobacticides with the exception of P. piscinae 27-4T strains
and the only investigated strain of P. porticola. Other 15-
producing bacteria (Ruegeria sp. and Pseudovibrio sp.) did not
produce roseobacticides. Upon closer inspection of the ge-
nomes of roseobacticide producing P. piscinae M6-4.2, P.
piscinae 8-1, P. inhibens DSM 17395 and P. inhibens DSM 26640
with the non-producer P. piscinae 27-4T, merely a few exclusive
genes were found.[55] Only two of these encode obvious
putative enzyme candidates for roseobacticide biosynthesis
that resemble a glutathione S-transferase and a sulfurase. This
may point toward a possible alternative sulfur incorporation
mechanism in roseobacticide biosynthesis. Notably, the inability
of P. piscinae 27-4 to produce roseobacticides might also result
from a transposable element that disrupted a gene encoding a
putative oxidoreductase. This gene is part of a small cluster
encoding in addition a transcriptional regulator, an endonu-
clease, as well as an aldehyde dehydrogenase.[55] Further studies
will be required to address these questions.

Taken together, roseobacticide biosynthesis most likely
primarily depends on the genes from the paa and tda clusters
required for 15 biosynthesis – possibly without requirement for
additional enzymes. Hence, the paa and tda gene clusters may
generate two types of molecules with substantially different
structures and bioactivities.[54] Yet, the bacterial producers
somehow redirect the metabolic flow from formation of 15 to
the roseobacticides during the symbiotic switch from mutual-
ism to parasitism. This could be achieved, for example, by
different regulation of 15-specific or roseobacticide-specific
genes, respectively. For instance, genes encoding enzymes
required for roseobacticide side chain precursor formation
could be induced or specific tailoring enzymes unique to
roseobacticide biosynthesis that remain to be identified.
Regulation may also take place on an enzymatic level, for
example, via inhibition of enzymes catalyzing 15-specific
biosynthetic steps.

The exact roseobacticide biosynthesis remains unclear, yet
isotope labelling experiments shed light onto the precursors
and possible pathway. Feeding experiments with [1,2-13C2]1
clearly established that the roseobacticide backbone[52] (i. e., the
seven-membered carbon cycle) is derived from 1, which is most
likely converted to 8 before further modification steps that
include CoA hydrolysis and decarboxylation (Figure 8). The
backbone is then fused to a side chain (that derives from an
aromatic amino acid) and thereby generates the central five-
membered lactone ring. The structure of the various rose-
obacticides implies that the side chains are derived from one of
the three aromatic amino acids (Figure 9). Before being fused
with the tropone-moiety, the aromatic amino acids are further
modified by decarboxylation and deamination, ultimately
forming, for example, phenylglyoxylate from Phe that may be
activated by CoA� thioester formation. Labeling experiments
with P. inhibens DSM 17395 using deuterated and 13C-contain-
ing aromatic amino acids verified this proposal and showed
that intermediates of the Phe, Tyr or Trp catabolic pathways are
employed for the generation of the aromatic side chains of the

various roseobacticides A–K, whereas only Phe serves as
precursor for the tropone moiety via intermediate 8 (Figures 8
and 9).[52] Interestingly, the phenyl moiety of labeled phenyl-
pyruvate – but not of labeled 1 – was verified as precursor for
the aromatic side chain of 16,[52] which may be rationalized by
an aminotransferase-catalyzed conversion of Phe into phenyl-
pyruvate that can be directly converted to 2 before further
oxidation to phenylglyoxylyl� CoA, thus skipping 1 as intermedi-
ate. Phenylglyoxylyl� CoA could then undergo lactone-ring
forming fusion with the tropone moiety under water and CoA
elimination. Finally, a methylation step could generate 16 (note
that the exact structure of the tropone precursor is still
unknown, yet labeling studies indicated that it cannot be
tropone itself but rather a functionalized derivative thereof;
Figure 8).[52] Other roseobacticides harboring Trp- or Tyr-derived
side chains could be formed analogously via the respective α-
diketone CoA� thioester intermediates. Enzyme candidates for
these steps are present in the genome of P. inhibens DSM
17395 but require experimental validation.[52]

Notably, the structural diversity in the roseobacticide family
is imparted by various substituents at C3 and C7.[51] As verified
by the above described experiments, the C3-diversity directly
results from the different aromatic amino acid precursors,
whose aromatic moieties are not further modified in the mature
natural products.[52] In contrast, C7 harbors sulfur adducts that
display greater variety, including simple thiomethyl, methyl
persulfide and sulfonate moieties. In addition, more substantial
modifications can be found in form of p-hydroxybenzenethiol
or even a dimer of two roseobacticides connected via a
disulfide bridge. As a challenge for future studies focusing of
tropone natural product biosynthesis, it will be interesting to
see at which stage the precursor for roseobacticides is branched
off from 15 biosynthesis and how this process is controlled on a
genetic and enzymatic level.

2.2.2.3. Sulfur metabolism for tropodithietic acid and
roseobacticide formation in members of the
Rhodobacteracea

Marine Rhodobacteraceae such as Roseobacter and Phaeobacter
are well known for the production of numerous compounds
with sulfur-, disulfide-, and thiol-modifications.[4,35,56] Hence,
spontaneous addition of diverse thiols was originally proposed
for roseobacticide biosynthesis,[51] yet in the light of later results
an involvement of PatB, possibly in conjunction with additional
enzymes (see above), appears likely.[43,54,55] Labeling experiments
with [34S]-Cys supplemented to P. inhibens DSM 17395 cultures
clearly demonstrated the formation of [34S]-labeled roseobacti-
cides B and E that harbor thiomethyl and methyl disulfide
moieties, respectively. Cys was speculated to be formed from
the abundantly available food molecule dimeth-
ylsulfoniopropionate (DMSP, 22),[52,57] which is produced by
algae and corals in the natural environment of Phaeobacter sp.
and readily metabolized.[56,58] Yet, isotope labeling experiments
using radioactive [35S]-22 revealed the incorporation of [35S]
mostly into Met, whereas labeled Cys was only detected in
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minor amounts.[59] More importantly, labeling experiments
using [34S]-22 and [34S]-Cys fed to cultures of P. inhibens DSM
17395 and P. inhibens DSM 26640 clearly showed that only [34S]
from Cys is incorporated into 15 (Figure 10). As 15 and
roseobacticide formation could primarily rely on PatB for sulfur
incorporation, Cys may exclusively serve as sulfur source for
both types of natural products.

But how can this apparent disconnection between 22/Met
and 15/Cys metabolism in Rhodobacteraceae be rationalized? In
contrast to animals, the sulfur of Cys in plants and bacteria is
typically not derived from Met but rather from sulfates that are
intracellularly reduced to sulfides. Accordingly, cysteine biosyn-
thesis involves the enzymatic conversion of serine to O-
acetylserine, which then reacts with sulfide under release of
acetate to form Cys (Figure 10).[60] In contrast to that, Met is
derived from aspartic acid, while the sulfur may be provided
either from Cys, methanethiol, or hydrogen sulfide. In Rhodo-
bacteraceae, however, methanethiol is typically used, which it is
a direct breakdown product of 22[59] and reacts in a single step
with O-acetylhomoserine to Met.[61] This suggests that the sulfur
moieties of 15 and likely also of the roseobacticides are
primarily derived from sulfates present in sea water (that are
converted to Cys but not Met) rather than 22 (that is converted
to Met but not Cys). It is noteworthy that this may not apply to
all 15 and roseobacticide producing bacteria (Figure 10).

3. Modes of Action and Bioactivities of
Bacterial Tropone Natural Products

Bacterial tropone natural products possess potent bioactivities.
Clearly, decarboxylated simple tropones/tropolones (e.g., 9, 11
or 13) must differ in reactivity compared to sulfur-containing 15
(and its tautomers) and roseobacticides, as a result of the
respective distinct chemical structures and properties. The

following sections highlight current insights into the underlying
mode of actions (MoA) and bioactivities.

3.1. Tropodithietic acid

3.1.1. Mechanism of action of tropodithietic acid

Compound 15 is the most thoroughly investigated bacterial
tropone so far and recent studies also illuminated (part of) its
MoA. Specifically, 15 was shown to act as potent membrane
antiporter for protons in exchange for cytoplasmic cations (e.g.,
K+) -analogous to the structurally more complex polyether
antibiotics (e.g., nigericin (23) or monensin, Figure 11). Hence,
15 collapses the cellular proton motive force (PMF) by affecting
the transmembrane proton gradient (ΔpH) but not the
membrane potential (ΔΨ). These insights came from cytological
profiling of 15-treated E. coli cells, which showed similar effects
as when exposed to nigericin that exchanges protons for K+

ions, thus diminishing the ΔpH. Consistent with that, 15-
treatment also affected PMF-dependent cellular processes in E.
coli such as flagella rotation. Compound 15 features a carboxyl
side chain connected to a flat, seven-membered ring with
delocalized π-bonds (comparable to the tropylium ion
(C7H7

+)).[62] These structural features appear ideally suited for
proton import across the membrane and cation export by
complexation of metals.[63] The dithietene moiety further
promotes metal chelating properties by increasing the electron
density of the tropylium oxide ring.[63] Consistent with this
proposed MoA, the bioactivity of a methylated 15 derivative
(that can no longer translocate protons) was drastically reduced
against the fish pathogen V. anguillarum compared to 15.[64]

In addition to this MoA, recent studies showed that 15
efficiently complexes iron and presumably forms a [FeIII(15)2]x
complex.[65] Although, 15 is not a true siderophore,[65] it is quite
possible that the iron-chelating properties may further contrib-
ute to its bioactivity and/or provide a means to sequester iron

Figure 10. Proposed sulfur metabolism in members of the Rhodobacteraceae. Feeding experiments of P. inhibens cultures with isotopically labeled 22 and Cys
suggested that Cys but not (22-derived) Met serves as sulfur source for 15 biosynthesis. Cys can then be further converted to l-cystine that serves as substrate
for PatB, which may provide the sulfur precursor 20 for 15 biosynthesis (Figure 8).
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from the environment.[65] Consistent with that are recent studies
that show an upregulation of iron-uptake systems of V.
vulnificus upon exposure to sublethal concentrations of 15.[66]

Moreover, an oxidative stress response was triggered that
induced genes required for formation of the cell envelope, cell
wall and outer membrane (in line with studies showing toxicity
and oxidative stress in neuronal cells upon exposure to 15, see
5.1.2). Observations that 15 might be particularly effective
against certain bacteria (e.g., Vibrio spp. among Gram-negative
strains, see below) possibly also point to a more complex
MoA,[11,66,67] as a 15-mediated collapse of the PMF should not be
overly selective. However, the underlying mechanisms for this
apparent selectivity require further investigation and remain
controversial. For instance, while γ-proteobacteria were first
reported to be relatively tolerant toward 15,[11] later studies
instead indicated a high sensitivity and no particular selectivity
of 15 against different types of bacteria.[68] The detailed MoA of
15 thus requires further investigation.[69]

3.1.2. Minimum inhibitory concentration of tropodithietic acid
against bacteria and anticancer activity

Consistent with the proposed MoA that collapses the PMF, 15 is
not only bactericidal against Gram-positive and negative
bacteria,[67] but also efficiently kills fungi, and even eukaryotic
amoebae.[10,63] Minimum inhibitory concentration (MIC) values
for both 15 and its tautomer thiotropocin are strongly pH-
dependent and have been reported for a broad range of Gram-
negative (e.g., Salmonella enterica ser. Typhimurium, Enter-
obacter cloacea, Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae) and Gram-positive bacteria (e.g., Staph-
ylococcus aureus (MSSA and MRSA), Enterococcus faecalis, Listeria
monocytogenes, Bacillus subtilis). Typically, MICs ranged between
14 and 118 μM for 15[67,70] and 7.4–118 μM for thiotropocin at
pH 7. Notably, MIC values for thiotropocin were much lower at
pH 9 and drastically higher at pH 5.[10] Given the MoA of 15 that
collapses the proton motive force,[63] one can envisage that

lower pH (acid stress conditions) further exacerbates the
antibiotic effect and leads to accumulation of protons within
the cells. In contrast, at elevated pH levels, 15 remains
deprotonated in the extracellular environment and thus unable
to transport protons into the cell. In general, Gram-positive
bacteria appeared to be more susceptible against 15 (note that
the MICs for 15 from Table 1 of Porsby et al. were determined
with impure extracts; the same report also provides accurate,
much lower MICs for the purified compound).[67] Interestingly,
Phaeobacter sp. themselves are only protected from 15 when
producing the compound, as the resistance mechanism is co-
regulated with 15 production (see below).

It is striking that among Gram-negative bacteria, 15 seemed
particularly efficacious against Vibrio sp. such as V. vulnificus,
which are notorious (opportunistic) pathogens of marine
animals. V. vulnificus even infects humans and may cause, for
example, life threatening invasive sepsis or necrotizing
wounds.[71] For instance, 15 exhibited MICs of 1 and 3.9 μM[72]

against V. vulnificus DSM 10143 and V. vulnificus CMCP6 (or
CMCP6_Rif1), respectively. In contrast, V. parahaemolyticus was
more tolerant toward 15 with an MIC of 15.6 μM.[72] Other
studies reported MICs of 15.6 μM[69] and 14 μM[67] /19 μM[70] for
V. vulnificus CMCP6 and the fish pathogen V. anguillarum 90-11-
287, respectively. Low MICs of 2.3 μM were also determined for
the coral pathogens V. coralliilyticus and V. owensii.[73] Other
pathogenic bacteria V. anguillarum NB10 (infecting fish), Rose-
ovarius crassostreae CV919, and V. tubiashii RE22 (both infecting
mollusks) were affected by 15 with MICs of 5.9 μM, 23.6 μM,
and 29.5 μM, respectively.[74] Consistent with that, recent studies
showed that fast-growing opportunistic pathogens (Vibrio spp.
and Pseudoalteromonas spp.) were drastically affected by the
presence of P. inhibens in microbial communities associated
with the marine eukaryotes E. huxleyi and Ostrea edulis (Euro-
pean flat oyster).[66] Interestingly, structure-activity relationship
studies using chemically synthesized analogues of 15 including
halogenated derivatives showed that 15 was generally the most
potent antibiotic when tested against S. aureus and V.
anguillarum 90-11-287.[70]

Figure 11. Proposed MoA of 15 and (self)resistance mechanism (figure modified after Wilson et al.).[63] Compound 15 functions in a similar way to the more
complex polyether natural products such as 23. See text for details.
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Given the MoA, it is not surprising that 15 also exhibits
broad anticancer activities, for example, against renal cancer
cells, central nervous system cancer cells, melanomas, colon
cancer cells, and lung cancer cells. In particular, 15 exhibited
LC50 values in the low μM range (5–7 μM) against central
nervous system cancer and renal cancer cell lines; inhibitory
effects were already observed at IC50s of 1–3 μM. In contrast,
noncancerous epithelial cells tolerated higher levels with an IC50

of roughly 19.5 μM.[63]

3.1.3. Resistance against tropodithietic acid

Wilson et al. also described an operon of P. inhibens DSM 17395
that confers resistance against 15 and thus protects the native
producers to a certain degree.[63] A combination of bioinfor-
matic and biochemical analyses revealed the involvement of
the γ-glutamyl cycle in this resistance mechanism. Specifically,
three genes (tdaR1–R3) were identified adjacent to the tda
operon and found to be co-regulated with the 15 biosynthetic
cluster by the transcription regulator TdaA.[49] This is consistent
with previous studies showing that P. piscinae 27-4 is suscep-
tible to its own antibiotic 15 when not in the late exponential
phase during which 15 is produced.[67] When TdaA was
inactivated, the native producer was significantly more suscep-
tible toward its own antibiotic 15, most likely as tdaR1–R3 were
not upregulated.[63] This hypothesis was corroborated by experi-
ments with E. coli that contained an inducible plasmid
harboring tdaR1–tdaR3. In contrast to control cells, E. coli with
induced tdaR1–R3 were more resistant against 15, recovered
faster, and ultimately reached higher cell densities in liquid
culture.[63]

The role of TdaR1 that is probably a transmembrane protein
(like TdaR2) could not be predicted based on bioinformatic
analysis. In contrast, TdaR2 shows similarity to Zn2+-dependent
endopeptidases that cleave Gly� Gly targets, whereas TdaR3 is
homologous to the γ-glutamyl-cyclotransferase ChaC with high
specificity toward glutathione.[75] The cha operon and ChaC of E.
coli are involved in cation-proton exchange, and TdaR3 could
thus conceivably counteract the proposed MoA of 15 (Fig-
ure 11). Similar to ChaC, TdaR3 may thus convert glutathione
into a Cys� Gly dipeptide and, crucially, 5-oxo-proline that can
be further processed under uptake of a proton to γ-amino-
butyric acid (GABA). GABA is subsequently exchanged for an
extracellular Glu, thus leading to proton export – a mechanism
that is also part of the Glu-dependent acid-stress response in E.
coli.[63] In addition to providing resistance against 15, the
induced tdaR3 also promoted the growth and recovery of E. coli
cells exposed to sublethal concentrations of the protonophore
carbonyl cyanide m-chlorophenyl hydrazin (CCCP). Finally,
TdaR2 could be involved in hydrolysis of the Cys� Gly dipeptide
arising from TdaR3-mediated glutathione cleavage (Figure 11).
However, despite this resistance mechanism that requires
further experimental validation, P. inhibens DSM 17395 was
affected by 15, resulting in reduced growth rate and biomass
yield of the 15-producing wild type compared to non-producer
mutant strains. The growth defect is likely caused by increased

energetic costs due to the partial collapse of the PMF.[76] Taken
together, the vast majority of bacterial strains appear highly
susceptible toward 15 (with possible exceptions found in
sponge microbiota, see 4.2.2), while 15-producers can achieve a
moderate level of tolerance.

In contrast to 15, the MoA of the roseobacticides has not
been elucidated to date and warrants further investigation.
These potent algaecides cause cell death of E. huxleyi in the nM
range and affect at least two other microalgae.[51]

3.2. Non-sulfur containing tropolones and derivatives

Among the non-sulfur containing bacterial tropone natural
products, tropolones are particularly relevant in terms of
bioactivity. The majority of previous studies were conducted
with plant or fungal tropolones, which exhibit antimicrobial,
antiviral, anticancer, insecticidal, and anti-inflammatory
activities.[6,9,77,78] Similar bioactivities can be expected and have
been reported to some extent for their bacterial counterparts.[39]

For instance, 13 from S. tropolofaciens showed potent cytotox-
icity against cultured melanoma cells and prolonged the life
span of mice with melanoma.[39] Notably, additional oxygen
atoms attached to the tropone backbone (in particular when
three adjacent oxygen atoms are present as in 13 and other
hydroxytropolones) proved critical for the metal-chelating
properties (Mg2+, Zn2+, Cu2+) that are likely responsible for the
observed broad bioactivities and interference with metalloen-
zyme activity.[6,79,80] Hydroxytropolones inhibit bimetallic en-
zymes competitively or uncompetitively, for example, inositol
monophosphatase, alkaline phosphatase and dopamine β-
monooxygenase.[80] Many of the targeted enzymes are of
therapeutic interest, for example, Zn2+/Cu2+-dependent metal-
loproteases such as the anthrax lethal factor, thermolysin, or
matrix metalloproteases.[6,9,78] Because of these promising bio-
activities, tropolones have been investigated as therapeutic
drug leads.[79–81] For example, human immunodeficiency virus
type I reverse transcriptase (HIV-RT) is a key target to combat
HIV infections and features two Mg2+ ions 3.7 ångströms apart
in the active site. Compound 13 and derivatives that main-
tained the metal-chelating properties were shown to drastically
affect HIV-RT activity, most likely by complexing both Mg2+

ions.[79,80]

Interestingly, 12 produced by S. neyagawaensis was also
shown to increase the efficacy of aminoglycoside antibiotics
when administered to resistant bacterial strains. This effect was
due to the competitive inhibition of aminoglycoside 4’-O-
adenylyltransferase that normally confers resistance.[41] Presum-
ably, this effect was caused by the interference of 12 with two
catalytically important Mg2+ ions in the active site that also
impeded the binding of ATP.[82] For potential further drug
development and application of hydroxytropolones, however,
toxicity issues would have to be addressed first.[79] While three
neighboring oxygen atoms are important for chelating of two
suitably positioned metal ions by hydroxytropolones, tropo-
lones such as 11 that feature only two neighboring oxygens
cooperatively complex a ferric iron (Fe3+) and form a red
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precipitate.[83] These iron-binding properties are essential for the
toxicity of 11 and its role as virulence factor (see Section 4.1.). It
is noteworthy that in addition to metal complexation, tropo-
lones are redox active and possibly interfere with respiratory
chains.[6]

4. Ecological Role and Symbioses Involving
Bacterial Tropones

4.1. Non-sulfur-containing tropolones as virulence factors and
quorum sensing signals from pathogenic Burkholderia sp.

The closely related Burkholderia glumae, B. plantarii and B.
gladioli are causal agents of bacterial panicle blight in an
antagonistic symbiosis with rice and represent a major threat to
global rice production.[36,37,84] Symptoms of the disease include
panicle blight, seedling blight and sheath rot.[36] It has been
show that these pathogenic Burkholderia sp. produce 11 as a
key virulence factor that is toxic toward rice seedlings[83] and
derived from 1.[37,85,86] Notably, 1 serves as growth hormone in
plants but can also be generated de novo by B. plantarii via the
shikimate pathway and phenylalanine before further conversion

to 11.[37] It is assumed that the primary MoA of 11 is due to its
metal-chelating properties (see Section 3.2.) that deprives the
plants from essential ferric iron and thereby causes chlorosis,
inhibition of root growth, and wilting.[83,85] 11 could thus
potentially fulfill a similar role as siderophores and, for example,
also limit the growth of other fungi and bacteria.[83] Moreover,
11 was shown to act as autoregulatory signaling molecule in B.
plantarii that promotes the formation of a biofilm. The pivotal
role of 11 for pathogenesis is supported by the observation
that exogenously administered 11 phenocopied an infection
with B. plantarii.[83,84] In addition to 11, toxoflavin (25) serves as
phytotoxic virulence factor, possibly by triggering spontaneous
NADH-dependent generation of reactive oxygen species such
as superoxide and hydrogen peroxide (Figure 12).[87]

Interestingly, the 11-tolerant B. heleia PAK1-2 strain (isolated
from the rice rhizosphere) was found to be an effective
biocontrol agent and suppressed symptoms of rice seedling
blight disease caused by B. plantarii. It was furthermore
demonstrated that this effect is not due to interference with B.
plantarii growth per se, but rather by generating the 1-analogue
indole-3-acetic acid (24; a plant growth factor) that inhibited
the biosynthesis of 11 (Figure 12).[37] Presumably, this effect is
due to the inhibition of one or several of the early 1-catabolic
enzymes required for 11 biosynthesis. Other analogues of 1 had

Figure 12. Examples of marine (top) and terrestrial (bottom) symbioses involving bacterial tropone natural products. Top: Dynamic “Dr. Jekyll and Mr. Hyde”
symbiosis of marine Phaeobacter sp. with the microalga E. huxleyi. Compounds 15 and 16 play key roles by acting as protective antibiotic and lethal toxin,
respectively (panel adapted from Seyedsayamdost et al.).[53] Compound 15 might also be an important antibiotic in bacterial symbioses with marine
invertebrates (corals, sponges, etc.). Bottom: Antagonistic symbiosis of B. plantarii with the rice plant (Oryza sativa). B. heleia and T. virens have probiotic
activity by suppressing the formation of toxin 11 by B. plantarii. See the text for details.
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similar antagonistic effects on the biosynthesis of 11 by B.
plantarii, for example, (p-isopropylphenyl)acetic acid.[37] In
addition to B. heleia PAK1-2, the 11-tolerant ascomycete
Trichoderma virens PS1-7 was shown to thwart the biosynthesis
of 11 by B. plantarii and thus act as another biocontrol agent.[86]

Notably, the underlying inhibition mechanism is decisively
different and was shown to depend on the sesquiterpene carot-
4-en-9,10-diol (26) in a dose-dependent manner. Compound 26
normally functions as a critical signaling molecule in T. virens
PS1-7 that is produced in the presence of catechol.[86] In B.
plantarii, 26 exerts its function via transcriptional suppression of
an AHL synthase, which accordingly results in the quenching of
quorum sensing (QS) signaling and thus repression of 11
biosynthesis (Figure 12). Surprisingly, a biofilm was still formed
(induced by 26), however, with a defective matrix that lacked
fibrous elements and caused reduced cell viability (44% when
induced by 26-as compared to 78% when induced by 11).[86]

These biofilm defects could be restored by addition of
exogenous 11.[86] The exact underlying mechanisms, however,
remain to be elucidated. These examples indicate that tropones
may play a larger role in complex and intertwined symbiotic
relationships between plants, antagonistic and mutualistic
symbionts and highlight the potential of biocontrol agents for
combatting diseases such as bacterial panicle blight.

4.2. The role of tropodithietic acid and members of the
Rhodobacteracea in marine symbioses

4.2.1. Tropodithietic acid producers, host organisms, and
symbiotic relationships

The metabolically versatile 15-producing Roseobacter, Phaeo-
bacter, and Pseudovibrio are highly abundant and ubiquitous in
the marine environment.[11,88–90] For example, the Roseobacter
lineage encompasses up to 25% of marine microbes and plays
a predominant role in the global carbon and sulfur cycles.[91]

They are present in all major niches, including, for example,
seawater, sediments, or microbial mats.[91,92] Often, these
bacteria live associated with marine invertebrates such as
ascidians/tunicates,[93,94] micro[51,53] and macro algae,[68] soft and
stony corals,[73,95] tube worms,[96] numerous marine
sponges,[97–103] and many other marine eukaryotes.[104] In partic-
ular, the tendency to form strong biofilms also on biotic
surfaces is a crucial prerequisite for host colonization.[4,105] While
the type of symbiosis (antagonistic, commensal, or mutualistic)
is often challenging to determine and may even be situative
(see Section 4.3.), most studies suggest beneficial effects of 15-
producers on the hosts, presumably by serving as defensive
tool against (opportunistic) pathogens such as Vibrio spp.
Recent studies remarkably showed that the cytotoxic effects of
15 against eukaryotic cells are dampened by 22 (produced, e.g.,
by corals and algae), suggesting that it may not only serve as
food for bacteria but also to protect the hosts themselves from
their 15-synthesizing microbial symbionts (see also
Section 5.1.2.).[106] In the following sections, we will highlight

studies that imply a potential role of 15 in mutualistic symbiotic
relationships.

4.2.2. Corals

Coral-associated bacterial communities have been intensively
studied,[107] yet their ecological role only begins to emerge. For
example, cyanobacteria are likely involved in nitrogen fixation
to support host growth,[108] whereas other bacteria (e.g., Rose-
obacter spp. and Pseudovibrio spp.) use 22, which is abundantly
produced by corals and might be a key metabolite for the
structuring of coral-associated bacterial communities.[58,109] It is
assumed that symbiotic bacteria also contribute to the host’s
defenses against coral pathogens, for example, by occupying
surface space of the corals or via production of bioactive natural
products, yet direct evidence for this is lacking.[73,110]

Pseudovibrio spp. appear to be commonly associated with
corals and are well known for their adaptation to a symbiotic
lifestyle with marine invertebrates.[88,103,111] This includes various
mechanisms for interaction with their hosts, such as evasion of
host defense and digestion as well as features allowing for both
intra- and extracellular colonization.[88,104,112,113] A recent survey
suggested up to 44% relative abundance in natural (i. e., non-
enriched) bacterial communities, for example, in the stony coral
Stylophora pistillata and many others.[104] Additionally, pyrose-
quencing also verified Pseudovibrio spp. in different coral
species.[114] Recently, it was shown that Pseudovibrio sp. P12
(isolated from the reef-building coral Pocillopora damicornis),
produced 15 with potent activity against invasive coral
pathogens such as V. coralliilyticus that is resistant to many
other antibiotics and V. owensii (MICs of 2.3 μM, see also
Section 3.1.2.),[73] which cause progressive tissue loss leading to
white bands of exposed coral skeleton (white syndrome).
However, it could not be verified that 15 is indeed produced in
corals after analyzing individual specimen of four coral species
(P. damicornis, Montipora aequituberculata, M. turtlensis, and
Porites cylindrical).[73] This might not necessarily mean that 15 is
dispensable for coral survival but, for example, could also be
due to low abundance in coral tissue or sampling/detection
issues.[73] Another plausible scenario is that 15-production is
regulated in symbiotic Pseudovibrio spp. and depends on
chemical cues from invading pathogens.

Interestingly, the inhibitory activity of Pseudovibrio. sp. P12
against V. coralliilyticus is strongly diminished at higher temper-
atures, which was concluded not to result from thermal
inactivation of 15 but most likely from decreased production
levels.[73] However, contradicting experiments with supernatants
of P. piscinae 27-4 cultures pointed to a thermal inactivation
and thus temperature-dependent bioactivity of 15.[105] In any
case, the decrease in 15 production at elevated temperatures
may conceivably be a contributing factor to the onset of white
syndrome that is clearly favored under coral heat stress.[73,115]

Summed up, 15 represents a rare case of an antibiotic produced
by coral-associated bacteria with confirmed activity against
coral-associated pathogens.[73] Further studies are required to
clarify if Pseudovibrio sp. P12 and related strains are more
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widespread in corals and whether 15 is indeed produced in the
corals as defensive tool against pathogens as part of a
symbiotic relationship.

4.2.3. Sponges

Marine sponges are well known to host a substantial amount of
phylogenetically diverse microbes that may comprise up to
35% of their biomasses.[116] Members of the genus Pseudovibrio
also appear to play vital roles[88] and antibacterial activity in
sponges has regularly been linked to the presence of Pseudovi-
brio spp..[97–100,102] However, it is difficult to assess the true
relevance and occurrence of bacteria by culture-dependent
techniques, as numerous strains will not grow under laboratory
conditions, which may significantly bias the results.

A steadily increasing amount of evidence, however, sug-
gests that Pseudovibrio spp. represent true mutualistic sym-
bionts of sponges. For instance, culture-independent ap-
proaches (e.g., pyrosequencing and fluorescence in situ
hybridization (FISH)) verified the presence of Pseudovibrio spp.
in sponges such as Aplysilla rosea, in which Pseudovibrio
represented the predominant genus and comprised approx-
imately 8% of the bacterial community.[104,113,117,118] A recent
analysis of 16S rRNA amplicon data from natural bacterial
communities of marine invertebrates also corroborated that
Pseudovibrio spp. occur sponge-associated, often with a relative
abundance of �0.1% of the bacterial communities and in some
cases of �0.5%. Not surprisingly, Pseudovibrio spp. were also
found in some tunicates and, as stated above, with surprising
abundance in numerous corals.[104] Interestingly, Pseudovibrio
were detected in the sponge Rhopaloeides odorabile but not in
the surrounding sea water,[113] while Pseudovibrio-like bacteria
were also observed in the larvae of Mycale laxissima.[118] This
points to an intimate and specific association with the host and
possible vertical transmission of the bacteria, although horizon-
tal acquisition via filtration of sea water cannot be ruled out.[118]

It was also shown that Pseudovibrio spp. were absent in
diseased sponge specimens but present in healthy ones.[68,119]

For instance, the loss of a strain that is closely related to
Pseudovibrio denitrificans (referred to as “Alphaproteobacterium
strain NW001” in Webster et al.[119] and capable of producing
15)[68] concurred with the ultimately lethal colonization of the
sponge by putative pathogens.[68,119]

Aside from 15, a few additional bioactive natural products
have been reported from Pseudovibrio spp., that is,
heptylprodigiocin,[94] pseudovibrocin,[73] 2-methylthio-1,4-
naphthoquinone,[120] and derivatives of di(1H-indol-3-yl)
methane[121] as well as tetra(indol-3-yl)ethanone.[122] In several
cases, however, 15-production has been clearly shown to
account for the antibacterial activity of Pseudovibrio spp. under
laboratory conditions. For example, 26 out of 33 isolated groups
of Pseudovibrio spp. (obtained from the marine sponges Axinella
dissimilis, Polymastia boletiformis and Haliclona simulans),[123]

inhibited S. aureus NCDO 949. Moreover, this inhibitory activity
could be linked to the formation of 15 in these strains.
Interestingly, 93% (126 out of 136) of all investigated putative

sponge symbionts from the deep sea sponges Hexactinellida
spp. and Poecillastra spp. comprising phylogenetically diverse
bacterial isolates proved resistant against 15 when spot-plated
and overlaid with the most potent inhibitory Pseudovibrio strain
from this study.[123] This possibly implies that natural sponge
symbionts may be regularly exposed to 15 and thus acquired
resistance mechanisms and furthermore lends support to the
hypothesis that 15 protects the sponge from pathogens.
Further studies are required to evaluate the degree of resistance
and whether it relies on a similar mechanism than described for
the natural producers (see Section 3.1.3.).

Summed up, Pseudovibrio spp. might be important sym-
bionts of marine sponges and possibly shape the host’s
microbiota by suppressing the growth of potential pathogens
and competitors. However, none of these studies so far
addressed whether 15 is truly produced in sponges and its role
under natural conditions remains to be conclusively shown. A
strong indication that 15 is a relevant antibiotic in naturally-
occurring symbioses may come from studies with oysters and
aquacultures that showed a more direct link between the
production of 15 and suppression of pathogens (see Sections
4.2.4. and 4.2.5.).

4.2.4. Algae and dinoflagellates

Compound 15 was identified to be responsible for the
antibacterial activity of the marine epiphytic bacterium Pseudo-
vibrio sp. D323 (and closely related sponge-associated strains),
which was isolated from the red alga Delisea pulchra.[68,124] Once
more, the data imply that the potent broad spectrum antibiotic
15 may protect the algae from unwanted surface colonizers
and potential pathogens. Accordingly, 15 efficiently suppressed
the growth of the pathogenic α-proteobacterium Nautella sp.
R11, which forms biofilms on D. pulchra and causes bleaching
disease.[125] Hence, 15 production may assist in the chemical
defense against this pathogen that furthermore relies on QS-
interfering furanones produced by the algae themselves.[125]

Interestingly, at elevated temperatures, furanone production is
reduced,[125] as well as the efficacy of 15-producing bacteria (see
Section 4.2.1.). It is therefore plausible that both effects
exacerbate the disease and lead to a higher susceptibility for
infection.

In addition to macroalgae, 15-producing bacteria, such as
Ruegeria sp. TM1040 (formerly Silicibacter), are often associated
with 22-producing microalgae (i. e., haptophytes/prymnesio-
phytes, see Section 4.3.) and dinoflagellates such as Pfiesteria
spp., Prorocentrum spp., and Alexandrium spp.[4,126] The symbio-
sis with dinoflagellates involves bacterial chemotaxis toward 22
and eventually results in the settling of the bacteria and biofilm
formation on the host. Compound 22 can then be catabolized
by the bacteria via 3-methylmercaptopropionate (Figure 10).[127]

Biofilm formation and 15-production were correlated in
Ruegeria sp. TM1040, thus implying a role for 15 in the
symbiotic relationship.[4] Accordingly, 15 may impede the
growth of other microbes and potential pathogens on the
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dinoflagellates and thus promote the growth and survivability
of Ruegeria sp. TM1040.[4]

4.2.5. Mollusks

Bacterial pathogens not only pose a severe threat in the natural
environment for shellfish such as oysters or scallops, but also in
aquacultures (see Section 5.2). Recently, P. inhibens S4 was
isolated from the surface of the inner shell of a healthy
oyster.[128] Similarly, a P. inhibens strain was obtained from both
aquacultured and collected scallops (Pecten maximus),[129] thus
suggesting natural symbiotic relationships between these
mollusks and the bacteria. Recent studies verified that the
oyster-associated P. inhibens S4 protects the larvae and
juveniles of Pacific oysters (Crassostrea gigas) and significantly
reduces mortality rates when exposed to several pathogenic
bacteria.[130] Zhao et al.[74] showed that pre-colonization by P.
inhibens S4 and the ability to form biofilms are important to
protect oyster larvae and that the primary probiotic inhibitory
effects can most likely be attributed to the presence of 15.
Biofilm formation may allow P. inhibens S4 to grow on oyster
larvae and thus impede colonization by pathogens while also
triggering QS-mediated biosynthesis of 15 (see also
Section 4.4.).[74] Taken together, the production of 15 by natural
probiotic bacterial colonizers of oysters such as P. inhibens S4
seems to be pivotal for host health.

4.3. Chemical control of a dynamic symbiosis between
microalgae and bacteria by tropodithietic acid and
roseobacticides

Both 15 and roseobacticides are crucial for a symbiotic relation-
ship between Phaeobacter sp. and its host, the pelagic marine
microalgae E. huxleyi that is a major contributor to global O2

production by photosynthesis.[131] In addition, photosynthesis
sequesters CO2, while the formation of coccolithophores, (i. e.,
CaCO3 disks) releases CO2 by decreasing the alkalinity and
increasing the pCO2 of surface water and the atmosphere
(referred to as the “biological carbonate pump”: Ca2+ +2
HCO3

� !CaCO3 +CO2 +H2O).[132] The haptophyte E. huxleyi thus
plays a major role in the global carbon cycle and is an
important primary producer of organic molecules in the ocean.
This role is emphasized by the fact that E. huxleyi is widespread
and can form enormous blooms (e.g., 250.000 km2 with high
cell densities),[133] which are even detectable by satellites.[134] E.
huxleyi can make up to 80–90% of eukaryotic cells in
phytoplankton blooms, whereas members of the Rhodobacter-
acea are predominant among bacteria (up to 60% of the
bacterial cells).[53,135]

E. huxleyi was furthermore shown to associate with
Phaeobacter sp. in a remarkable dynamic symbiosis.[53] In the
mutualistic phase the host E. huxleyi provides carbon and
energy sources as well as a surface for colonization, while the
bacteria in turn generate growth hormones (in the form of 1)
and antibiotics (in the form of 15) for defense against potential

pathogens. However, when the algae senesce, an antagonistic
phase is prompted, in which Phaeobacter sp. generate algaeci-
dal roseobacticides (such as 16) that kill the host (Figure 12).[53]

It could furthermore be shown that p-coumaric acid produced
by the algae induces roseobacticide formation and is key for
switching between symbiotic phases. p-coumaric acid is an
unusual breakdown product of the E. huxleyi cell wall and
represents a chemical cue of dying host cells that triggers
roseobacticide biosynthesis.[51–53] This results in a rapid collapse
of the bloom and thus provides abundant access to food
sources, which support bacterial growth, dissociation from the
host and ultimately dispersion of Phaeobacter sp. (see also 4.4).
Remarkably, p-coumaric acid was furthermore demonstrated to
not only act as signaling molecule, but also as precursor for Tyr
formation that is incorporated into roseobacticide A.[52] In
addition to p-coumaric acid, ferulic acid, cinnamic acid, and
particularly sinapic acid triggered formation of roseobacticides.
This rather spectacular symbiotic interplay mediated by two
biosynthetically related bacterial natural products with distinct
bioactivities was aptly referred to as the “Dr. Jekyll and Mr.
Hyde chemistry” of Phaeobacter sp.[53]

4.4. Tropodithietic acid as quorum sensing signal

Compound 15 appears to adapt important roles as virulence
factor and antibiotic in terrestrial and marine environments and
surprisingly also as QS signal, as shown by transcriptome
analysis and phenotypic screenings of P. inhibens.[136] QS is a
means of communication between bacterial cells mediated by
autoinducers such as N-acyl� homoserine lactone (AHL) that
control gene expression. AHL binds to LuxR-type transcriptional
regulators (“AHL regulators”), which in turn control gene
expression often on a global scale. QS thus enables a group-like
behavior that is directly affected by the cell density and may
involve, for example, biofilm formation, cell motility, or
secondary metabolism. Remarkably, it could be shown that
exogenous 15 affected expression of �10% of the P. inhibens
genes in a LuxR-dependent manner similar to AHL. Moreover,
15 triggered a QS response at concentrations of 1.5 μM, which
is lower than most MICs of 15 against bacteria that typically
range between 1–120 μM (however, not >100-fold lower in
general as stated in Beyersmann et al.,[136] as the alleged typical
MICs of 188.5 μM to 5.9 mM for 15 that were cited from Porsby
et al. were in fact determined with impure extracts and are thus
much higher than MICs of purified 15, see also Section 3.1.2.).[67]

Interestingly, 15 not only induced expression of the genes
encoding the LuxR-type AHL regulator and the AHL synthase
but also of the tda cluster including tdaA (that encodes a
positive regulator of 15 biosynthesis) and thus boosts its own
production in a double positive feedback loop (Figure 13).
Hence, 15 may represent a rare case of a natural product that
simultaneously serves both as antibiotic and as global gene
regulator,[136] which may also reduce the energetic costs for its
biosynthesis.[136] Note that the exact interaction of 15 with the
LuxR-type transcriptional regulator requires further investiga-
tion. It is noteworthy that a recent study with sponge-isolated
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Pseudovibrio sp. showed neither significant (auto)induction of
15 biosynthesis by 1 μM of 15 nor by 100 nM of the QS signal
N-3-hydroxydecanoyl-l-homoserine lactone.[123] As can be ex-
pected, this implies that the underlying regulation mechanisms
for 15 biosynthesis are not universal in bacteria.

The 15-triggered changes in gene expression in P. inhibens
eventually led to a decrease in surface attachment (i. e.,
proclivity to form biofilms) and in cell motility (flagella
formation). It was proposed that the QS role of 15 may maintain
the ability of P. inhibens and other producers to disperse and
attach to new abiotic surfaces and host organisms, for example,
in the form of “hitchhiking” on phytoplankton for rapid spread-
ing of the bacteria.[136] Notably, it appears counterintuitive at
first that flagella formation is downregulated upon switching
from sessile to pelagic lifestyle. However, flagella were
previously shown to play essential structural roles in biofilms by
wrapping around cells to bind them tightly together[137,138] and
are most likely important during all stages of biofilm
formation.[138] In addition, flagella adopt a pivotal mechano-
sensory role during initial surface adhesion for biofilm
formation.[139] Hence, we speculate that flagella in P. inhibens
and other marine bacteria that switch from pelagic to sessile
lifestyles may also be critical for surface attachment and biofilm
stability. On the other hand, by decreasing the abundance of
flagella, the biofilm is weakened as prerequisite for efficient
dispersion.

Finally, during the switch from mutualistic to antagonistic
behavior of Phaeobacter sp. in the symbiosis with E. huxleyi[53]

(see Section 4.3.), bacterial growth may be drastically increased
due to nutrient release upon algae death, presumably trigger-
ing QS and eventually renewed 15 production to promote
dispersion and ultimately settlement on new hosts.[136] In
addition, 15 may not only serve as protection against patho-

genic bacteria during the mutualistic phase but even be part of
a chemical trap. As marine bacteria are often attracted to algal
22,[140] Wilson et al.[63] speculated that the concurrent formation
of chemoattractant 22 and antibiotic 15 could lure other
microorganisms to the symbiotic consortium between algae
and the 15-producing bacteria. After death of the invading
microorganisms caused by 15, important scarce nutrients such
as phosphorus or iron could be sequestered.

5. Biotechnological and Medical Applications

5.1. Tropodithietic acid as potential antibiotic or anti-cancer
drug

Natural products from microbial symbionts of eukaryotic hosts
are presumably less toxic against other eukaryotes and are thus
considered promising candidates for drug development. A few
recent studies summarized in the following sections show good
promise for the usage of 15 as antibiotic or anti-cancer drug
that has high potency against numerous bacteria as well as
cancer cell lines. Additional extensive studies would be required
to further assess the potential of 15 or related compounds.

5.1.1. Development of resistance

Antibiotic resistance of pathogenic bacteria is a major and
rapidly increasing threat to public health and safety. Hence, the
apparent negligible and slowly developing tolerance of bacteria
against 15 is a promising feature.[67] Accordingly, single
exposure to 15 (using different methods of administration) did
not result in significant resistance in all tested bacterial strains.
This included the medically problematic Salmonella enterica
serovar Typhimurium SL1344 that harbors the multidrug efflux
pump AcrB. Similarly, mutant screening of a transposon library
did not yield a resistant strain. Moreover, attempts to gradually
adapt bacteria to steadily increasing levels of 15 (in >300
generations), only resulted in low levels of tolerance (2x more
than the MIC), which, however, were rapidly lost after only one
passage in 15-free medium.[67] Hence, the tolerance was likely
not caused by a true adaptation on a genetic level.[67] This is not
surprising with respect to the MoA of 15 that involves the
disruption of the PMF (see Section 3.1.1), because a resistance
against such a highly conserved and indispensable process is
unlikely to develop through basic mutations.[63] Rather than
being overwhelmed by sudden exposure to a lethal concen-
tration, the incremental increase of 15 in the cultures may have
allowed the bacteria to induce and maintain a proper acid/
oxidative stress response. Interestingly, S. Typhimurium mutants
in which genes coding for efflux pumps and porins were
inactivated, did not show increased susceptibility to 15
compared to the wild type, implying that these components do
not play a role in resistance.

Figure 13. Proposed role of 15 as quorum-sensing signal in P. inhibens
(modified after Beyersmann et al.),[136] resulting in a double positive feedback
loop (see text for details). Note that the exact interaction of 15 with the AHL
regulator remains to be elucidated.
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5.1.2. Toxicity of tropodithietic acid and protective effects of
DMSP

Another auspicious feature of 15 is the potency against cancer
cell lines, in contrast to less susceptible noncancerous epithelial
cells (see Section 3.1.2).[63] However, recent studies showed
significant toxicity against neuronal cells (N2a and OLN-93) that
were highly susceptible to 15, that is, a concentration of 1.4 μM
induced morphological changes, while 2.4 μM of 15 caused
severe cytotoxicity. This involved detrimental effects on
mitochondria and cytoskeletal elements (microtubules and
microfilaments) and led to increased Ca2+-influx. Moreover,
stress activated MAP kinases ERK1/2 and the heat shock protein
Hsp32/HO-1 (i. e. induced under oxidative stress) were upregu-
lated. The stress responses, however, were not sufficient to
protect the cells from death.[141] The neuronal cells were
apparently even more susceptible to 15 than different
carcinoma cell lines (showing cytotoxicity at concentrations of
>38 μM).[141]

A later study by the same group remarkably showed that 22
is likely anti-oxidative and protects cells to some extent against
the toxic effects of 15.[106] As dimethyl sulfone (that is
structurally similar to 22) can cross the blood-brain barrier and
because up to 5 mg/mL of 22 showed no cytotoxicity against
eukaryotic cells but rather acted neuroprotective in rodents,[142]

it may be worthwhile to further study the effects of 22 in
combination with 15. It would be interesting to see if, for
example, if 15 still maintains anti-cancer and/or antimicrobial
activity in presence of 22 (also from an ecological perspective
regarding symbiotic relationships of 15-producing bacteria with
22-generating marine invertebrates and algae, see 4.2). Notably,
despite these adverse effects on neuronal cells, a negative
impact has yet to be reported by 15-producing bacteria in
aquacultures for fish and mollusks (see 5.2). Moreover, in
contrast to other probiotic bacterial candidates that were
tested, no detrimental effects were observed upon exposure to
15-producing P. inhibens DSM17395 and R. mobilis F1926 in the
eukaryotic worm Caenorhabditis elegans (a model system for
testing cytotoxicity) as well as in brine shrimps (Artemia sp.).[143]

Particularly noteworthy is the fact that fish larvae are protected
from pathogens by probiotic 15-producers without noticeable
negative effects on their development and health (see
Section 5.2),[130] which suggests that their neuronal cells remain
unaffected. As a logical next step, 15 should be tested in an
in vivo mammal model to better assess the efficacy and hazards
of a topic or systemic treatment against cancer or infection.

5.2. Probiotic Rhodobacteraceae in (shell)fish and coral
aquacultures

The aquaculture industry for fish or shellfish is rapidly growing
and becomes increasingly important,[144] as it presents an
alternative to conventional fishing practices and might prevent
detrimental overfishing. Bacterial pathogens, however, pose a
major threat and often cause severe disease and mortality,
which in turn results in vast economic losses. Rotifers are an

important food source for fish in aquacultures, while microalgae
in turn serve as food for the rotifers and thus promote the
growth and survivability of the fish larvae. This results in an
enrichment of organic nutrients that further favors opportun-
istic pathogens such as Vibrio spp..[130] Particularly susceptible to
infection are larvae of fish and invertebrates that cannot be
vaccinated[144] and are threatened, for example, by V. tubiashii
RE22, Roseovarius crassostreae CV919, and V. anguillarum NB10.
V. tubiashii infects larvae of bivalve mollusks and is responsible
for invasive and toxigenic disease, which causes drastic mortal-
ities in C. gigas aquacultures. R. crassostreae causes juvenile
oyster disease that results in high mortalities among eastern
oysters (Crassostrea virginica) at water temperatures �20 °C
with significant economic and ecological relevance, while V.
anguillarum is a typical fish pathogen that causes vibriosis, for
instance in cod or turbot larvae.[130]

The past and ongoing excessive (mis)use of persistent
antibiotics in aquacultures not only negatively affects the
natural microbiota, but also caused a surge in resistant strains
and thus poses a severe threat to the environment and to
human health.[145] Hence, alternative remedies such as probiotic
bacteria are required to counteract the onset of bacterial
diseases and decrease mortality rates.[74] In that regard, 15-
producing members of the Rhodobacteraceae (e.g., Phaeobacter
spp. and Ruegeria spp.) are often found in marine rearing sites
of larvae or fish and appear highly promising.[90,144] Among the
salient features of 15 are the high potency against common
marine bacterial pathogens such as Vibrio spp. (Section 3.1.2.),
negligible development of resistance (Section 3.1.3.), good
degradability, and lacking toxicity toward (in)vertebrates and
their larvae when administered as probiotics (Section 5.1.2.). For
example, P. inhibens efficiently suppressed V. anguillarum and
prevented vibriosis in cod larvae, thus drastically increasing
survival rates.[130] P. inhibens DSM 17395 successfully eradicated
the rifampicin resistant V. vulnificus CMCP6 in an co-culture
oyster model system in contrast to a 15-deficient P. inhibens
mutant.[72] In addition, 15-producing Phaeobacter spp. and
Ruegeria spp. (unlike nonproducers) inactivated both pelagic
and sessile V. anguillarum in model systems for fish larval
aquaculture[144] and proved antagonistic in a rearing farm for
danish turbots (Scophthalmus maximus) by colonizing distinct
niches (Phaeobacter spp. were dominant in fish/larvae/zoo-
plankton tanks while Ruegeria spp. were found in the algal
cultures).[90] Moreover, P. inhibens, successfully antagonized V.
anguillarum in cultures of microalgae (Tetraselmis suecica and
Nannochloropsis oculata) and rotifers (Brachionus plicatilis).
These ostensibly simple and unproblematic co-cultivations with
both the microalgae and the rotifers thus represent additional
advantages when applying 15-producing bacteria in aquacul-
tures. The same study also showed that P. inhibens prevented
vibriosis in cod larvae, whereas, once more, a 15-deficient
mutant strain failed.[130]

Similarly, P. inhibens S4 protected larval and juvenile C.
virginica from pathogenic R. crassostreae and V. tubiashii
depending on the production and secretion of 15,[74] which did
not negatively affect oyster survival.[74,128] After removing the
probiotics, however, this protection was only maintained for
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additional 24 h.[128] This probiotic effect was investigated using
competition assays against V. anguillarum NB10, V. tubiashii
RE22 and Roseovarius crassostreae CV919, as well as a test
system for oyster larvae survival in presence of V. tubiashii. The
effects of both biofilm formation and 15 production on the
probiotic activity of P. inhibens S4 were separately investigated,
showing that 15 formation is indispensable for the probiotic
effect and more important than biofilm formation. To achieve
that, specific genes were inactivated that were either required
for 15 biosynthesis (resulting in completely abolished 15
production) or biofilm formation (decreasing biofilm formation
by ~60% compared to the wild type level). While growth rate
or final cell density in bacterial liquid cultures were not affected
in these mutant strains,[74] both were differently impaired in
their ability to protect oyster larvae from V. tubiashii. The 15-
deficient mutant neither inhibited planktonic V. tubiashii nor
prevented biofilm formation on a glass coverslip. Also, no
inhibition zones were detected on agar plates when V.
anguillarum NB10, V. tubiashii RE22, and R. crassostreae CV919
were exposed to this mutant. Interestingly, supplementation of
the culture with 15 inhibited planktonic V. tubiashii but did not
affect already aggregated cells in a biofilm. In contrast, the
biofilm-impaired mutant that showed normal levels of 15
production merely exhibited reduced and delayed inhibitory
effects against pathogens in co-colonization experiments.[74]

Also, the loss of probiotic activity against V. tubiashii in the
oyster larvae survival assays was less drastic compared to the
15-deficient mutant.[74] A sufficient time period (24 h) proved
important to allow pre-colonization by P. inhibens S4, which
more severely affected the much faster growing V. tubiashii
RE22 (both in planktonic and in sessile, biofilm form) as
compared to simple co-culturing.[74] Future studies should
investigate whether the probiosis is based on the antibiotic
activity of 15 alone or also caused by its signaling function.[136]

Possibly, 15-producing Rhodobacteraceae could also prove
useful for coral aquaculturing, which becomes increasingly
important for the aquarium trade, the pharmaceutical industry,
as well as for the replenishment of damaged coral reefs.[146] To
our knowledge, no studies in this direction were conducted so
far, yet it appears plausible that cultured corals and their larvae
could be protected by probiotic bacteria similar to fish and
molluscs, also because 15-producing Pseudovibrio spp. are
naturally associated with these invertebrates and thus unlikely
to have a harmful affect (see Section 4.2.1). For the future, it
may also be a viable option to optimize 15-producing strains
via bioengineering, for example, by attempting to realize and
combine an increased self-resistance with overexpression of 15
biosynthetic genes.

5.3. Non-sulfur tropolones

Compound 13 and other (hydroxy-)tropolones show antimicro-
bial, antitumor, and antiviral activities, and are potent inhibitors
of medically relevant metal-dependent enzymes (see Sec-
tion 3.2). Hence, these compounds might also be of interest for
further evaluation and development as potential drugs. Com-

pared to S. tropolofaciens K611-97, from which 13 was first
isolated,[40] S. cyaneofuscatus Soc7 as well as S. luteogriseus
Slg41 produced 13 without genetic modification with substan-
tially higher yields (ca. 10,000 times) of 380 and 230 mg/L,
respectively. The data suggested that shikimate pathway
enzymes (TrlB, TrlH, possibly TrlG) and a transcriptional
regulator (TrlR) increased the production of 13 by promoting
the de novo synthesis of aromatic pathway precursors.[40]

Genetic manipulation of these producers might possibly further
improve the yield. Other obvious starting points for bioengin-
eering efforts could be the proposed ring hydroxylases TrlE and
TrlCD. For example, the substrate scope or regioselectivity of
these enzymes may be targeted, with the aim of generating
additional bioactive analogues. Recent studies also aimed at
establishing E. coli as host for 9 production by combining
promotor replacement with inactivation of PaaZ� ALDH to
redirect the metabolic flow toward 9 production, achieving
titers of up to 65 mg/L, which could serve as starting point for
further improvement.[33]

6. Summary and Outlook

The biosynthesis of the bacterial tropone backbone is excep-
tional, as it directly derives from a primary catabolic pathway.
Most likely, the spontaneous formation of 8 initially merely
represented a metabolic accident. In order to counteract the
depletion of the CoA pool by accumulation of 8, bacteria
developed different strategies. This involved, for example, the
recruitment of the substrate-channeling fusion protein PaaZ
and of the dedicated 8-specific thioesterase PaaY. More
intriguingly, some bacteria instead convert 8 into bioactive
natural products. In other words, these bacteria “take the good
with the bad” and some even devised strategies to boost
formation of these natural products, thus turning a catabolic
route into a hybrid or even fully anabolic pathway. It is
noteworthy that in contrast to typical bacterial secondary
metabolic gene clusters that are often found in very few
genomes, roughly 16% of all bacteria possess a 1-catabolic
gene cluster and thus in principle the required core enzymes
for tropone natural product formation.[12] However, many will
use this pathway primarily for aromatic degradation and
suppress 8 formation. Genomic analysis may provide important
clues, for example, the presence of specific genes required for
15 or 13 formation. Also, genes encoding ring-cleaving and 6-
oxidizing enzymes may hint at the proclivity of the respective
bacteria for tropone natural product biosynthesis, such as genes
encoding additional ECHs or dysfunctional ALDHs.

The seemingly simplistic and minimalistic features of
tropone natural products belie their high pharmaceutical
potency that rival biosynthetically and structurally more elabo-
rate compounds, such as polyether antibiotics with an analo-
gous MoA to 15. Moreover, these remarkable small compounds
represent key components in mutualistic and antagonistic
symbioses that could be pivotal for the survivability of
numerous marine invertebrates (e.g., sponges, corals, or
molluscs) and algae. Also because of the vast abundance of
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biofilm-forming and 15-producing bacteria in the oceans, it is
distinctly possible that tropone natural products are relevant for
shaping microbial communities in various marine habitats.
Lastly, the potent antibiotic activity (combined with the
apparently slowly developing resistance in the case of 15)
makes tropone natural products promising candidates for
biomedical and biotechnological applications, for instance in
(shell)fish or coral aquacultures and conceivably even as future
antibiotic or anti-cancer drug.

Acknowledgements

This work was supported by DFG grants awarded to R.T. (TE 931/
2-1 & TE 931/3-1), DFG grant TE 931/4-1 awarded to Robin Teufel
and the CSC grant 201606300019 awarded to Ying Duan. Open
access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: natural products · roseobacticides · symbiosis ·
tropodithietic acid · tropolones

[1] a) R. Teufel, Arch. Biochem. Biophys. 2017, 632, 20; b) J. Korp, M. S.
Vela Gurovic, M. Nett, Beilstein J. Org. Chem. 2016, 12, 594; c) A. L.
Demain, A. Fang, Adv. Biochem. Eng./Biotechnol. 2000, 69, 1.

[2] P. J. Rutledge, G. L. Challis, Nat. Rev. Microbiol. 2015, 13, 509.
[3] a) R. Teufel, V. Agarwal, B. S. Moore, Curr. Opin. Chem. Biol. 2016, 31,

31; b) R. Teufel, A. Miyanaga, Q. Michaudel, F. Stull, G. Louie, J. P. Noel,
P. S. Baran, B. Palfey, B. S. Moore, Nature 2013, 503, 552; c) R. Teufel, L.
Kaysser, M. T. Villaume, S. Diethelm, M. K. Carbullido, P. S. Baran, B. S.
Moore, Angew. Chem. Int. Ed. 2014, 53, 11019; d) M. Baunach, L. Ding,
T. Bruhn, G. Bringmann, C. Hertweck, Angew. Chem. Int. Ed. 2013, 52,
9040; e) Z. Yunt, K. Reinhardt, A. Li, M. Engeser, H.-M. Dahse, M.
Gütschow, T. Bruhn, G. Bringmann, J. Piel, J. Am. Chem. Soc. 2009, 131,
2297.

[4] H. Geng, J. B. Bruhn, K. F. Nielsen, L. Gram, R. Belas, Appl. Environ.
Microbiol. 2008, 74, 1535.

[5] a) Y. Yan, Y.-T. Ma, J. Yang, G. P. Horsman, D. Luo, X. Ji, S.-X. Huang,
Org. Lett. 2016, 18, 1254; b) H. Guo, R. Benndorf, S. König, D. Leichnitz,
C. Weigel, G. Peschel, P. Berthel, M. Kaiser, C. Steinbeck, O. Werz et al.,
Chemistry 2018, 24, 11319; c) X. Cai, Y.-M. Shi, N. Pöhlmann, O.
Revermann, I. Bahner, S. J. Pidot, F. Wesche, H. Lackner, C. Büchel, M.
Kaiser et al., Angew. Chem. Int. Ed. 2017, 56, 4945.

[6] H. Guo, D. Roman, C. Beemelmanns, Nat. Prod. Rep. 2018.
[7] R. Bentley, Nat. Prod. Rep. 2008, 25, 118.
[8] N. Liu, W. Song, C. M. Schienebeck, M. Zhang, W. Tang, Tetrahedron

2014, 70, 9281.
[9] J. Zhao, Curr. Med. Chem. 2007, 14, 2597.

[10] K. Kintaka, H. Ono, S. Tsubotani, S. Harada, H. Okazaki, J. Antibiot. 1984,
37, 1294.

[11] T. Brinkhoff, G. Bach, T. Heidorn, L. Liang, A. Schlingloff, M. Simon,
Appl. Environ. Microbiol. 2004, 70, 2560.

[12] R. Teufel, V. Mascaraque, W. Ismail, M. Voss, J. Perera, W. Eisenreich, W.
Haehnel, G. Fuchs, Proc. Natl. Acad. Sci. USA 2010, 107, 14390.

[13] a) W. Ismail, M. El-Said Mohamed, B. L. Wanner, K. A. Datsenko, W.
Eisenreich, F. Rohdich, A. Bacher, G. Fuchs, Eur. J. Biochem. 2003, 270,
3047; b) G. Fuchs, M. Boll, J. Heider, Nat. Rev. Microbiol. 2011, 9, 803;
c) E. R. Olivera, B. Miñambres, B. García, C. Muñiz, M. A. Moreno, A.
Ferrández, E. Díaz, J. L. García, J. M. Luengo, Proc. Natl. Acad. Sci. USA
1998, 95, 6419; d) A. Ferrández, B. Miñambres, B. García, E. R. Olivera,
J. M. Luengo, J. L. García, E. Díaz, J. Biol. Chem. 1998, 273, 25974.

[14] R. Teufel, C. Gantert, M. Voss, W. Eisenreich, W. Haehnel, G. Fuchs, J.
Biol. Chem. 2011, 286, 11021.

[15] D. E. Cane, Z. Wu, J. E. van Epp, J. Am. Chem. Soc. 1992, 114, 8479.
[16] M. Berger, N. L. Brock, H. Liesegang, M. Dogs, I. Preuth, M. Simon, J. S.

Dickschat, T. Brinkhoff, Appl. Environ. Microbiol. 2012, 78, 3539.
[17] a) T. J. Erb, W. Ismail, G. Fuchs, Curr. Microbiol. 2008, 57, 27; b) M. El-

Said Mohamed, J. Bacteriol. 2000, 182, 286; c) H. Martínez-Blanco, A.
Reglero, L. B. Rodriguez-Aparicio, J. M. Luengo, J. Biol. Chem. 1990, 265,
7084.

[18] A. Law, M. J. Boulanger, J. Biol. Chem. 2011, 286, 15577.
[19] A. M. Gulick, ACS Chem. Biol. 2009, 4, 811.
[20] A. M. Grishin, M. Cygler, Biology (Basel) 2015, 4, 424.
[21] R. Teufel, T. Friedrich, G. Fuchs, Nature 2012, 483, 359.
[22] A. M. Grishin, E. Ajamian, L. Tao, L. Zhang, R. Menard, M. Cygler, J. Biol.

Chem. 2011, 286, 10735.
[23] L. Shu, J. C. Nesheim, K. Kauffmann, E. Münck, J. D. Lipscomb, L. Que,

Science 1997, 275, 515.
[24] A. M. Grishin, E. Ajamian, L. Tao, M. Bostina, L. Zhang, J.-F. Trempe, R.

Menard, I. Rouiller, M. Cygler, J. Struct. Biol. 2013, 184, 147.
[25] E. Vogel, H. Günther, Angew. Chem. Int. Ed. 1967, 6, 385.
[26] a) A. M. Grishin, E. Ajamian, L. Zhang, I. Rouiller, M. Bostina, M. Cygler,

J. Biol. Chem. 2012, 287, 37986; b) T. Kichise, T. Hisano, K. Takeda, K.
Miki, Proteins 2009, 76, 779.

[27] M. Spieker, R. Saleem-Batcha, R. Teufel, ACS Chem. Biol. 2019.
[28] H. Sugino, M. Sasaki, H. Azakami, M. Yamashita, Y. Murooka, J. Bacteriol.

1992, 174, 2485.
[29] C. K. Engel, T. R. Kiema, J. K. Hiltunen, R. K. Wierenga, J. Mol. Biol. 1998,

275, 847.
[30] M. K. Koski, A. M. Haapalainen, J. K. Hiltunen, T. Glumoff, J. Biol. Chem.

2004, 279, 24666.
[31] N. Sathyanarayanan, G. Cannone, L. Gakhar, N. Katagihallimath, R.

Sowdhamini, S. Ramaswamy, K. R. Vinothkumar, Nat. Commun. 2019,
10, 4127.

[32] T. D. Hurley, H. Weiner, Adv. Exp. Med. Biol. 1999, 463, 45.
[33] Y. Li, M. Wang, Q. Zhao, X. Shen, J. Wang, Y. Yan, X. Sun, Q. Yuan, ACS

Synth. Biol. 2019, 8, 876.
[34] a) C. A. Citron, P. Rabe, J. S. Dickschat, J. Nat. Prod. 2012, 75, 1765;

b) C. A. Citron, L. Barra, J. Wink, J. S. Dickschat, Org. Biomol. Chem.
2015, 13, 2673.

[35] V. Thiel, T. Brinkhoff, J. S. Dickschat, S. Wickel, J. Grunenberg, I.
Wagner-Döbler, M. Simon, S. Schulz, Org. Biomol. Chem. 2010, 8, 234.

[36] J. H. Ham, R. A. Melanson, M. C. Rush, Mol. Plant Pathol. 2011, 12, 329.
[37] M. Wang, S. Tachibana, Y. Murai, L. Li, S. Y. L. Lau, M. Cao, G. Zhu, M.

Hashimoto, Y. Hashidoko, Sci. Rep. 2016, 6, 22596.
[38] R. Rost, S. Haas, E. Hammer, H. Herrmann, G. Burchhardt, Mol. Genet.

Genomics 2002, 267, 656.
[39] K. Sugawara, M. Ohbayashi, K. Shimizu, M. Hatori, H. Kamei, M. Konishi,

T. Oki, H. Kawaguchi, J. Antibiot. 1988, 41, 862.
[40] X. Chen, M. Xu, J. Lü, J. Xu, Y. Wang, S. Lin, Z. Deng, M. Tao, Appl.

Environ. Microbiol. 2018, 84, e00349–18.
[41] N. E. Allen, W. E. Alborn, J. N. Hobbs, H. A. Kirst, Antimicrob. Agents

Chemother. 1982, 22, 824.
[42] N. L. Brock, A. Nikolay, J. S. Dickschat, Chem. Commun. 2014, 50, 5487.
[43] J. S. Dickschat, J. Rinkel, T. Klapschinski, J. Petersen, ChemBioChem

2017, 18, 2260.
[44] S. Thole, D. Kalhoefer, S. Voget, M. Berger, T. Engelhardt, H. Liesegang,

A. Wollherr, S. Kjelleberg, R. Daniel, M. Simon et al., ISME J. 2012, 6,
2229.

[45] C. R. Gentry-Weeks, J. Spokes, J. Thompson, J. Biol. Chem. 1995, 270,
7695.

[46] P. Picart, P. D. de María, A. Schallmey, Front. Microbiol. 2015, 6, 916.
[47] N. Allocati, M. Masulli, C. Di Ilio, L. Federici, Oncogenesis 2018, 7, 8.
[48] E. Strauss, T. P. Begley, J. Am. Chem. Soc. 2001, 123, 6449.
[49] H. Geng, R. Belas, J. Bacteriol. 2011, 193, 4002.
[50] H. Korth, G. Brüsewitz, G. Pulverer, Zentralbl. Bakteriol. Mikrobiol. Hyg.

Ser. A 1982, 252, 83.
[51] M. R. Seyedsayamdost, G. Carr, R. Kolter, J. Clardy, J. Am. Chem. Soc.

2011, 133, 18343.
[52] M. R. Seyedsayamdost, R. Wang, R. Kolter, J. Clardy, J. Am. Chem. Soc.

2014, 136, 15150.
[53] M. R. Seyedsayamdost, R. J. Case, R. Kolter, J. Clardy, Nat. Chem. 2011,

3, 331.
[54] R. Wang, É. Gallant, M. R. Seyedsayamdost, mBio 2016, 7, e02118.
[55] E. C. Sonnenschein, C. B. W. Phippen, M. Bentzon-Tilia, S. A. Rasmussen,

K. F. Nielsen, L. Gram, Environ. Microbiol. Rep. 2018, 10, 383.

ChemBioChem
Reviews
doi.org/10.1002/cbic.201900786

2405ChemBioChem 2020, 21, 2384–2407 www.chembiochem.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Freitag, 28.08.2020

2017 / 165567 [S. 2405/2407] 1

https://doi.org/10.1016/j.abb.2017.06.008
https://doi.org/10.3762/bjoc.12.58
https://doi.org/10.1038/nrmicro3496
https://doi.org/10.1016/j.cbpa.2016.01.001
https://doi.org/10.1016/j.cbpa.2016.01.001
https://doi.org/10.1038/nature12643
https://doi.org/10.1002/anie.201405694
https://doi.org/10.1002/anie.201303733
https://doi.org/10.1002/anie.201303733
https://doi.org/10.1021/ja807827k
https://doi.org/10.1021/ja807827k
https://doi.org/10.1128/AEM.02339-07
https://doi.org/10.1128/AEM.02339-07
https://doi.org/10.1021/acs.orglett.6b00074
https://doi.org/10.1002/chem.201802066
https://doi.org/10.1002/anie.201701223
https://doi.org/10.1039/B711474E
https://doi.org/10.1016/j.tet.2014.07.065
https://doi.org/10.1016/j.tet.2014.07.065
https://doi.org/10.7164/antibiotics.37.1294
https://doi.org/10.7164/antibiotics.37.1294
https://doi.org/10.1128/AEM.70.4.2560-2565.2003
https://doi.org/10.1073/pnas.1005399107
https://doi.org/10.1046/j.1432-1033.2003.03683.x
https://doi.org/10.1046/j.1432-1033.2003.03683.x
https://doi.org/10.1038/nrmicro2652
https://doi.org/10.1073/pnas.95.11.6419
https://doi.org/10.1073/pnas.95.11.6419
https://doi.org/10.1074/jbc.273.40.25974
https://doi.org/10.1074/jbc.M110.196667
https://doi.org/10.1074/jbc.M110.196667
https://doi.org/10.1021/ja00048a019
https://doi.org/10.1128/AEM.07657-11
https://doi.org/10.1007/s00284-008-9147-3
https://doi.org/10.1128/JB.182.2.286-294.2000
https://doi.org/10.1074/jbc.M111.219683
https://doi.org/10.1021/cb900156h
https://doi.org/10.1038/nature10862
https://doi.org/10.1074/jbc.M110.194423
https://doi.org/10.1074/jbc.M110.194423
https://doi.org/10.1126/science.275.5299.515
https://doi.org/10.1016/j.jsb.2013.09.012
https://doi.org/10.1002/anie.196703851
https://doi.org/10.1074/jbc.M112.388231
https://doi.org/10.1002/prot.22455
https://doi.org/10.1128/JB.174.8.2485-2492.1992
https://doi.org/10.1128/JB.174.8.2485-2492.1992
https://doi.org/10.1006/jmbi.1997.1491
https://doi.org/10.1006/jmbi.1997.1491
https://doi.org/10.1074/jbc.M400293200
https://doi.org/10.1074/jbc.M400293200
https://doi.org/10.1007/978-1-4615-4735-8_6
https://doi.org/10.1021/acssynbio.9b00013
https://doi.org/10.1021/acssynbio.9b00013
https://doi.org/10.1021/np300468h
https://doi.org/10.1039/C4OB02609H
https://doi.org/10.1039/C4OB02609H
https://doi.org/10.1039/B909133E
https://doi.org/10.1111/j.1364-3703.2010.00676.x
https://doi.org/10.1007/s00438-002-0699-9
https://doi.org/10.1007/s00438-002-0699-9
https://doi.org/10.7164/antibiotics.41.862
https://doi.org/10.1128/AAC.22.5.824
https://doi.org/10.1128/AAC.22.5.824
https://doi.org/10.1039/c4cc01924e
https://doi.org/10.1002/cbic.201700358
https://doi.org/10.1002/cbic.201700358
https://doi.org/10.1038/ismej.2012.62
https://doi.org/10.1038/ismej.2012.62
https://doi.org/10.1074/jbc.270.13.7695
https://doi.org/10.1074/jbc.270.13.7695
https://doi.org/10.1021/ja016020y
https://doi.org/10.1128/JB.00323-11
https://doi.org/10.1021/ja207172s
https://doi.org/10.1021/ja207172s
https://doi.org/10.1021/ja508782y
https://doi.org/10.1021/ja508782y
https://doi.org/10.1038/nchem.1002
https://doi.org/10.1038/nchem.1002
https://doi.org/10.1111/1758-2229.12649
https://doi.org/10.1111/1758-2229.12649


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[56] J. S. Dickschat, C. Zell, N. L. Brock, ChemBioChem 2010, 11, 417.
[57] J. S. Dickschat, P. Rabe, C. A. Citron, Org. Biomol. Chem. 2015, 13, 1954.
[58] J.-B. Raina, D. M. Tapiolas, S. Forêt, A. Lutz, D. Abrego, J. Ceh, F. O.

Seneca, P. L. Clode, D. G. Bourne, B. L. Willis et al., Nature 2013, 502,
677.

[59] R. P. Kiene, L. J. Linn, J. González, M. A. Moran, J. A. Bruton, Appl.
Environ. Microbiol. 1999, 65, 4549.

[60] R. Hell, Planta 1997, 202, 138.
[61] M. P. Ferla, W. M. Patrick, Microbiology (Reading, England) 2014, 160,

1571.
[62] E. M. Greer, D. Aebisher, A. Greer, R. Bentley, J. Org. Chem. 2008, 73,

280.
[63] M. Z. Wilson, R. Wang, Z. Gitai, M. R. Seyedsayamdost, Proc. Natl. Acad.

Sci. USA 2016, 113, 1630.
[64] C. B. W. Phippen, C. M. Jørgensen, M. Bentzon-Tilia, C. H. Gotfredsen,

T. O. Larsen, L. Gram, E. C. Sonnenschein, J. Nat. Prod. 2019, 82, 1387.
[65] P. W. D’Alvise, C. B. W. Phippen, K. F. Nielsen, L. Gram, Appl. Environ.

Microbiol. 2016, 82, 502.
[66] K. K. Dittmann, E. C. Sonnenschein, S. Egan, L. Gram, M. Bentzon-Tilia,

Environ. Microbiol. Rep. 2019, 11, 401.
[67] C. H. Porsby, M. A. Webber, K. F. Nielsen, L. J. V. Piddock, L. Gram,

Antimicrob. Agents Chemother. 2011, 55, 1332.
[68] A. Penesyan, J. Tebben, M. Lee, T. Thomas, S. Kjelleberg, T. Harder, S.

Egan, Mar. Drugs 2011, 9, 1391.
[69] K. K. Dittmann, C. H. Porsby, P. Goncalves, R. V. Mateiu, E. C. Sonnen-

schein, M. Bentzon-Tilia, S. Egan, L. Gram, Environ. Microbiol. Rep. 2019,
11, 581.

[70] P. Rabe, T. A. Klapschinski, N. L. Brock, C. A. Citron, P. D’Alvise, L. Gram,
J. S. Dickschat, Beilstein J. Org. Chem. 2014, 10, 1796.

[71] J. D. Oliver, Epidemiol. Infect. 2005, 133, 383.
[72] C. H. Porsby, L. Gram, Food Microbiol. 2016, 57, 63.
[73] J.-B. Raina, D. Tapiolas, C. A. Motti, S. Foret, T. Seemann, J. Tebben, B. L.

Willis, D. G. Bourne, PeerJ 2016, 4, e2275.
[74] W. Zhao, C. Dao, M. Karim, M. Gomez-Chiarri, D. Rowley, D. R. Nelson,

BMC Microbiol. 2016, 16, 1.
[75] A. Kumar, S. Tikoo, S. Maity, S. Sengupta, S. Sengupta, A. Kaur, A. K.

Bachhawat, EMBO Rep. 2012, 13, 1095.
[76] S. E. Will, M. Neumann-Schaal, R. L. Heydorn, P. Bartling, J. Petersen, D.

Schomburg, PLoS One 2017, 12, e0177295.
[77] N. A. Saleh, A. Zwiefak, M. Mordarski, G. Pulverer, Zentralbl. Bakteriol.

Mikrobiol. Hyg. Ser. A 1988, 270, 160.
[78] S. N. Ononye, M. D. VanHeyst, E. Z. Oblak, W. Zhou, M. Ammar, A. C.

Anderson, D. L. Wright, ACS Med. Chem. Lett. 2013, 4, 757.
[79] J. Didierjean, C. Isel, F. Querré, J.-F. Mouscadet, A.-M. Aubertin, J.-Y.

Valnot, S. R. Piettre, R. Marquet, Antimicrob. Agents Chemother. 2005,
49, 4884.

[80] S. R. Piettre, A. Ganzhorn, J. Hoflack, K. Islam, J.-M. Hornsperger, J. Am.
Chem. Soc. 1997, 119, 3201.

[81] M. J. Donlin, A. Zunica, A. Lipnicky, A. K. Garimallaprabhakaran, A. J.
Berkowitz, A. Grigoryan, M. J. Meyers, J. E. Tavis, R. P. Murelli, Anti-
microb. Agents Chemother. 2017, 61.

[82] G. Cox, P. J. Stogios, A. Savchenko, G. D. Wright, mBio 2015, 6.
[83] K. Azegami, K. Nishiyama, H. Kato, Appl. Environ. Microbiol. 1988, 54,

844.
[84] K. Azegami, K. Nishiyama, Y. Watanabe, I. Kadota, A. Ohuch, C.

Fukazawa, Int. J. Syst. Bacteriol. 1987, 37, 475.
[85] K. Azegami, K. Nishiyama, Y. Watanabe, T. Suzuki, M. Yoshida, K. Nose,

S. Toda, Jpn. J. Phytopathol. 1985, 51, 315.
[86] M. Wang, M. Hashimoto, Y. Hashidoko, PLoS One 2013, 8, e78024.
[87] a) W.-S. Jung, J. Lee, M.-I. Kim, J. Ma, T. Nagamatsu, E. Goo, H. Kim, I.

Hwang, J. Han, S. Rhee, PLoS One 2011, 6, e22443; b) B. Philmus, B. T.
Shaffer, T. A. Kidarsa, Q. Yan, J. M. Raaijmakers, T. P. Begley, J. E. Loper,
ChemBioChem 2015, 16, 1782; c) H. E. Latuasan, W. Berends, Biochim.
Biophys. Acta 1961, 52, 502.

[88] V. Bondarev, M. Richter, S. Romano, J. Piel, A. Schwedt, H. N. Schulz-
Vogt, Environ. Microbiol. 2013, 15, 2095.

[89] M. Berger, A. Neumann, S. Schulz, M. Simon, T. Brinkhoff, J. Bacteriol.
2011, 193, 6576.

[90] C. H. Porsby, K. F. Nielsen, L. Gram, Appl. Environ. Microbiol. 2008, 74,
7356.

[91] I. Wagner-Döbler, H. Biebl, Annu. Rev. Microbiol. 2006, 60, 255.
[92] A. Buchan, J. M. González, M. A. Moran, Appl. Environ. Microbiol. 2005,

71, 5665.

[93] a) Y. Fukunaga, M. Kurahashi, K. Tanaka, K. Yanagi, A. Yokota, S.
Harayama, Int. J. Syst. Evol. Microbiol. 2006, 56, 343; b) C. S. Riesenfeld,
A. E. Murray, B. J. Baker, J. Nat. Prod. 2008, 71, 1812.

[94] A. A. Sertan-de Guzman, R. Z. Predicala, E. B. Bernardo, B. A. Neilan,
S. P. Elardo, G. C. Mangalindan, D. Tasdemir, C. M. Ireland, W. L.
Barraquio, G. P. Concepcion, FEMS Microbiol. Lett. 2007, 277, 188.

[95] Y.-H. Chen, J. Kuo, P.-J. Sung, Y.-C. Chang, M.-C. Lu, T.-Y. Wong, J.-K.
Liu, C.-F. Weng, W.-H. Twan, F.-W. Kuo, World J. Microbiol. Biotechnol.
2012, 28, 3269.

[96] C. Rizzo, L. Michaud, B. Hörmann, B. Gerçe, C. Syldatk, R. Hausmann, E.
de Domenico, A. Lo Giudice, Mar. Pollut. Bull. 2013, 70, 125.

[97] S. Dupont, A. Carré-Mlouka, F. Descarrega, A. Ereskovsky, A. Longeon,
E. Mouray, I. Florent, M. L. Bourguet-Kondracki, Lett. Appl. Microbiol.
2014, 58, 42.

[98] A. I. S. Esteves, C. C. P. Hardoim, J. R. Xavier, J. M. S. Gonçalves, R. Costa,
FEMS Microbiol. Ecol. 2013, 85, 519.

[99] B. Flemer, J. Kennedy, L. M. Margassery, J. P. Morrissey, F. O’Gara,
A. D. W. Dobson, J. Appl. Microbiol. 2012, 112, 289.

[100] A. P. Graça, J. Bondoso, H. Gaspar, J. R. Xavier, M. C. Monteiro, M.
de La Cruz, D. Oves-Costales, F. Vicente, O. M. Lage, PLoS One 2013, 8,
e78992.

[101] J. Kennedy, P. Baker, C. Piper, P. D. Cotter, M. Walsh, M. J. Mooij, M. B.
Bourke, M. C. Rea, P. M. O’Connor, R. P. Ross et al., Mar. Biotechnol.
2009, 11, 384.

[102] L. M. Margassery, J. Kennedy, F. O’Gara, A. D. Dobson, J. P. Morrissey,
Lett. Appl. Microbiol. 2012, 55, 2.

[103] U. Hentschel, M. Schmid, M. Wagner, L. Fieseler, C. Gernert, J. Hacker,
FEMS Microbiol. Ecol. 2001, 35, 305.

[104] S. Romano, Appl. Environ. Microbiol. 2018, 84.
[105] J. B. Bruhn, K. F. Nielsen, M. Hjelm, M. Hansen, J. Bresciani, S. Schulz, L.

Gram, Appl. Environ. Microbiol. 2005, 71, 7263.
[106] H. Wichmann, T. Brinkhoff, M. Simon, C. Richter-Landsberg, Mar. Drugs

2016, 14.
[107] a) D. G. Bourne, C. B. Munn, Environ. Microbiol. 2005, 7, 1162; b) D. G.

Bourne, P. G. Dennis, S. Uthicke, R. M. Soo, G. W. Tyson, N. Webster,
ISME J. 2013, 7, 1452; c) R. A. Littman, B. L. Willis, C. Pfeffer, D. G.
Bourne, FEMS Microbiol. Ecol. 2009, 68, 152; d) F. Rohwer, M. Breitbart,
J. Jara, F. Azam, N. Knowlton, Coral Reefs 2001, 20, 85; e) S. Sunagawa,
C. M. Woodley, M. Medina, PLoS One 2010, 5, e9554.

[108] a) K. A. Lema, B. L. Willis, D. G. Bourne, Appl. Environ. Microbiol. 2012,
78, 3136; b) M. P. Lesser, C. H. Mazel, M. Y. Gorbunov, P. G. Falkowski,
Science 2004, 305, 997.

[109] J.-B. Raina, E. A. Dinsdale, B. L. Willis, D. G. Bourne, Trends Microbiol.
2010, 18, 101.

[110] K. B. Ritchie, Mar. Ecol. Prog. Ser. 2006, 322, 1.
[111] S. P. Crowley, F. O’Gara, O. O’Sullivan, P. D. Cotter, A. D. W. Dobson,

Mar. Drugs 2014, 12, 5916.
[112] a) S. Romano, A. Fernàndez-Guerra, F. J. Reen, F. O. Glöckner, S. P.

Crowley, O. O’Sullivan, P. D. Cotter, C. Adams, A. D. W. Dobson, F.
O’Gara, Front. Microbiol. 2016, 7, 387; b) D. Versluis, B. Nijsse, M. A.
Naim, J. J. Koehorst, J. Wiese, J. F. Imhoff, P. J. Schaap, M. W. J.
van Passel, H. Smidt, D. Sipkema, Genome Biol. Evol. 2018, 10, 125; c) A.
Alex, A. Antunes, Genome Biol. Evol. 2015, 7, 3022.

[113] N. S. Webster, R. T. Hill, Mar. Biol. 2001, 138, 843.
[114] a) A. D. Williams, B. E. Brown, L. Putchim, M. J. Sweet, PLoS One 2015,

10, e0144902; b) S.-F. Chiou, J. Kuo, T.-Y. Wong, T.-Y. Fan, K. S. Tew, J.-K.
Liu, J. Environ. Sci. Health Part B 2010, 45, 408.

[115] a) J. F. Bruno, E. R. Selig, K. S. Casey, C. A. Page, B. L. Willis, C. D. Harvell,
H. Sweatman, A. M. Melendy, PLoS Biol. 2007, 5, e124; b) S. F. Heron,
B. L. Willis, W. J. Skirving, C. M. Eakin, C. A. Page, I. R. Miller, PLoS One
2010, 5, e12210.

[116] U. Hentschel, J. Piel, S. M. Degnan, M. W. Taylor, Nat. Rev. Microbiol.
2012, 10, 641.

[117] a) A. I. S. Esteves, N. Amer, M. Nguyen, T. Thomas, Front. Microbiol.
2016, 7, 499; b) K. A. Lema, B. L. Willis, D. G. Bourne, Environ. Microbiol.
2014, 16, 3345; c) E. Rubio-Portillo, F. Santos, M. Martínez-García, A.
de Los Ríos, C. Ascaso, V. Souza-Egipsy, A. A. Ramos-Esplá, J. Anton,
Environ. Microbiol. 2016, 18, 4564; d) C. Bauvais, S. Zirah, L. Piette, F.
Chaspoul, I. Domart-Coulon, V. Chapon, P. Gallice, S. Rebuffat, T. Pérez,
M.-L. Bourguet-Kondracki, Mar. Environ. Res. 2015, 104, 20.

[118] J. J. Enticknap, M. Kelly, O. Peraud, R. T. Hill, Appl. Environ. Microbiol.
2006, 72, 3724.

[119] N. S. Webster, R. E. Cobb, A. P. Negri, ISME J. 2008, 2, 830.

ChemBioChem
Reviews
doi.org/10.1002/cbic.201900786

2406ChemBioChem 2020, 21, 2384–2407 www.chembiochem.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Freitag, 28.08.2020

2017 / 165567 [S. 2406/2407] 1

https://doi.org/10.1002/cbic.200900668
https://doi.org/10.1039/C4OB02407A
https://doi.org/10.1038/nature12677
https://doi.org/10.1038/nature12677
https://doi.org/10.1128/AEM.65.10.4549-4558.1999
https://doi.org/10.1128/AEM.65.10.4549-4558.1999
https://doi.org/10.1007/s004250050112
https://doi.org/10.1021/jo7018416
https://doi.org/10.1021/jo7018416
https://doi.org/10.1073/pnas.1518034113
https://doi.org/10.1073/pnas.1518034113
https://doi.org/10.1021/acs.jnatprod.8b01097
https://doi.org/10.1111/1758-2229.12698
https://doi.org/10.1128/AAC.01222-10
https://doi.org/10.3390/md9081391
https://doi.org/10.1111/1758-2229.12771
https://doi.org/10.1111/1758-2229.12771
https://doi.org/10.3762/bjoc.10.188
https://doi.org/10.1017/S0950268805003894
https://doi.org/10.1016/j.fm.2016.01.005
https://doi.org/10.7717/peerj.2275
https://doi.org/10.1038/embor.2012.156
https://doi.org/10.1371/journal.pone.0177295
https://doi.org/10.1021/ml400158k
https://doi.org/10.1128/AAC.49.12.4884-4894.2005
https://doi.org/10.1128/AAC.49.12.4884-4894.2005
https://doi.org/10.1021/ja9634278
https://doi.org/10.1021/ja9634278
https://doi.org/10.1128/AEM.54.3.844-847.1988
https://doi.org/10.1128/AEM.54.3.844-847.1988
https://doi.org/10.1099/00207713-37-4-475
https://doi.org/10.3186/jjphytopath.51.315
https://doi.org/10.1371/journal.pone.0078024
https://doi.org/10.1371/journal.pone.0022443
https://doi.org/10.1002/cbic.201500247
https://doi.org/10.1016/0006-3002(61)90408-5
https://doi.org/10.1016/0006-3002(61)90408-5
https://doi.org/10.1111/1462-2920.12123
https://doi.org/10.1128/JB.05818-11
https://doi.org/10.1128/JB.05818-11
https://doi.org/10.1128/AEM.01738-08
https://doi.org/10.1128/AEM.01738-08
https://doi.org/10.1128/AEM.71.10.5665-5677.2005
https://doi.org/10.1128/AEM.71.10.5665-5677.2005
https://doi.org/10.1099/ijs.0.63879-0
https://doi.org/10.1021/np800287n
https://doi.org/10.1111/j.1574-6968.2007.00950.x
https://doi.org/10.1007/s11274-012-1138-7
https://doi.org/10.1007/s11274-012-1138-7
https://doi.org/10.1016/j.marpolbul.2013.02.020
https://doi.org/10.1111/lam.12154
https://doi.org/10.1111/lam.12154
https://doi.org/10.1111/1574-6941.12140
https://doi.org/10.1111/j.1365-2672.2011.05211.x
https://doi.org/10.1371/journal.pone.0078992
https://doi.org/10.1371/journal.pone.0078992
https://doi.org/10.1007/s10126-008-9154-1
https://doi.org/10.1007/s10126-008-9154-1
https://doi.org/10.1111/j.1472-765X.2012.03256.x
https://doi.org/10.1128/AEM.71.11.7263-7270.2005
https://doi.org/10.1111/j.1462-2920.2005.00793.x
https://doi.org/10.1038/ismej.2012.172
https://doi.org/10.1371/journal.pone.0009554
https://doi.org/10.1128/AEM.07800-11
https://doi.org/10.1128/AEM.07800-11
https://doi.org/10.1126/science.1099128
https://doi.org/10.1016/j.tim.2009.12.002
https://doi.org/10.1016/j.tim.2009.12.002
https://doi.org/10.3354/meps322001
https://doi.org/10.3390/md12125916
https://doi.org/10.1093/gbe/evx271
https://doi.org/10.1093/gbe/evv199
https://doi.org/10.1007/s002270000503
https://doi.org/10.1371/journal.pone.0144902
https://doi.org/10.1371/journal.pone.0144902
https://doi.org/10.1080/03601231003800032
https://doi.org/10.1371/journal.pbio.0050124
https://doi.org/10.1371/journal.pone.0012210
https://doi.org/10.1371/journal.pone.0012210
https://doi.org/10.1038/nrmicro2839
https://doi.org/10.1038/nrmicro2839
https://doi.org/10.1111/1462-2920.12366
https://doi.org/10.1111/1462-2920.12366
https://doi.org/10.1111/1462-2920.13548
https://doi.org/10.1016/j.marenvres.2014.12.005
https://doi.org/10.1128/AEM.72.5.3724-3732.2006
https://doi.org/10.1128/AEM.72.5.3724-3732.2006
https://doi.org/10.1038/ismej.2008.42
https://doi.org/10.1038/ismej.2008.42


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[120] W. E. G. Müller, N. L. Thakur, H. Ushijima, A. N. Thakur, A. Krasko, G.
Le Pennec, M. M. Indap, S. Perovic-Ottstadt, H. C. Schröder, G. Lang
et al., J. Cell Sci. 2004, 117, 2579.

[121] K.-L. Wang, Y. Xu, L. Lu, Y. Li, Z. Han, J. Zhang, C.-L. Shao, C.-Y. Wang,
P.-Y. Qian, Mar. Biotechnol. 2015, 17, 624.

[122] A. M. S. Rodrigues, C. Rohée, T. Fabre, N. Batailler, F. Sautel, I. Carletti,
S. Nogues, M. T. Suzuki, D. Stien, Tetrahedron Lett. 2017, 58, 3172.

[123] C. Harrington, F. J. Reen, M. J. Mooij, F. A. Stewart, J.-B. Chabot, A. F.
Guerra, F. O. Glöckner, K. F. Nielsen, L. Gram, A. D. W. Dobson et al.,
Mar. Drugs 2014, 12, 5960.

[124] A. Penesyan, Z. Marshall-Jones, C. Holmstrom, S. Kjelleberg, S. Egan,
FEMS Microbiol. Ecol. 2009, 69, 113.

[125] R. J. Case, S. R. Longford, A. H. Campbell, A. Low, N. Tujula, P. D.
Steinberg, S. Kjelleberg, Environ. Microbiol. 2011, 13, 529.

[126] T. R. Miller, R. Belas, Environ. Microbiol. 2006, 8, 1648.
[127] T. R. Miller, R. Belas, Appl. Environ. Microbiol. 2004, 70, 3383.
[128] M. Karim, W. Zhao, D. Rowley, D. Nelson, M. Gomez-Chiarri, J. Shellfish

Res. 2013, 32, 401.
[129] C. Ruiz-Ponte, V. Cilia, C. Lambert, J. L. Nicolas, Int. J. Syst. Bacteriol.

1998, 48 Pt 2, 537.
[130] P. W. D’Alvise, S. Lillebø, M. J. Prol-Garcia, H. I. Wergeland, K. F. Nielsen,

Ø. Bergh, L. Gram, PLoS One 2012, 7, e43996.
[131] D. G. Boyce, M. R. Lewis, B. Worm, Nature 2010, 466, 591.
[132] a) M. E. Marsh, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2003, 136,

743; b) C. L. Sabine, R. A. Feely, N. Gruber, R. M. Key, K. Lee, J. L.
Bullister, R. Wanninkhof, C. S. Wong, D. W. R. Wallace, B. Tilbrook et al.,
Science 2004, 305, 367.

[133] P. M. Holligan, E. Fernández, J. Aiken, W. M. Balch, P. Boyd, P. H. Burkill,
M. Finch, S. B. Groom, G. Malin, K. Muller et al., Global Biogeochem.
Cycles 1993, 7, 879.

[134] P. M. Holligan, M. Viollier, D. S. Harbour, P. Camus, M. Champagne-
Philippe, Nature 1983, 304, 339.

[135] a) J. M. González, R. Simó, R. Massana, J. S. Covert, E. O. Casamayor, C.
Pedrós-Alió, M. A. Moran, Appl. Environ. Microbiol. 2000, 66, 4237;
b) D. A. Everitt, S. W. Wright, J. K. Volkman, D. P. Thomas, E. J.
Lindstrom, Deep-Sea Res. Part I 1990, 37, 975.

[136] P. G. Beyersmann, J. Tomasch, K. Son, R. Stocker, M. Göker, I. Wagner-
Döbler, M. Simon, T. Brinkhoff, Sci. Rep. 2017, 7, 730.

[137] D. O. Serra, A. M. Richter, G. Klauck, F. Mika, R. Hengge, mBio 2013, 4,
e00103–13.

[138] J. Domka, J. Lee, T. Bansal, T. K. Wood, Environ. Microbiol. 2007, 9, 332.
[139] a) R. Belas, Trends Microbiol. 2014, 22, 517; b) L. S. Cairns, V. L. Marlow,

E. Bissett, A. Ostrowski, N. R. Stanley-Wall, Mol. Microbiol. 2013, 90, 6.
[140] J. R. Seymour, R. Simó, T. Ahmed, R. Stocker, Science 2010, 329, 342.
[141] H. Wichmann, F. Vocke, T. Brinkhoff, M. Simon, C. Richter-Landsberg,

Mar. Drugs 2015, 13, 7113.
[142] K. Nakajima, S. Tsujiwaki, Y. Nakajima, Anticancer Res. 2014, 34, 4045.
[143] A. K. Neu, M. Månsson, L. Gram, M. J. Prol-García, Appl. Environ.

Microbiol. 2014, 80, 146.
[144] P. W. D’Alvise, J. Melchiorsen, C. H. Porsby, K. F. Nielsen, L. Gram, Appl.

Environ. Microbiol. 2010, 76, 2366.
[145] F. C. Cabello, Environ. Microbiol. 2006, 8, 1137.
[146] M. C. Leal, C. Ferrier-Pagès, D. Petersen, R. Osinga, Rev. Aquacult. 2016,

8, 136.

Manuscript received: December 30, 2019
Revised manuscript received: April 2, 2020
Accepted manuscript online: April 2, 2020
Version of record online: May 8, 2020

ChemBioChem
Reviews
doi.org/10.1002/cbic.201900786

2407ChemBioChem 2020, 21, 2384–2407 www.chembiochem.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Freitag, 28.08.2020

2017 / 165567 [S. 2407/2407] 1

https://doi.org/10.1007/s10126-015-9656-6
https://doi.org/10.1016/j.tetlet.2017.07.005
https://doi.org/10.3390/md12125960
https://doi.org/10.1111/j.1462-2920.2010.02356.x
https://doi.org/10.1111/j.1462-2920.2006.01071.x
https://doi.org/10.1128/AEM.70.6.3383-3391.2004
https://doi.org/10.2983/035.032.0220
https://doi.org/10.2983/035.032.0220
https://doi.org/10.1099/00207713-48-2-537
https://doi.org/10.1099/00207713-48-2-537
https://doi.org/10.1038/nature09268
https://doi.org/10.1016/S1096-4959(03)00180-5
https://doi.org/10.1016/S1096-4959(03)00180-5
https://doi.org/10.1126/science.1097403
https://doi.org/10.1029/93GB01731
https://doi.org/10.1029/93GB01731
https://doi.org/10.1038/304339a0
https://doi.org/10.1016/0198-0149(90)90106-6
https://doi.org/10.1111/j.1462-2920.2006.01143.x
https://doi.org/10.1016/j.tim.2014.05.002
https://doi.org/10.1126/science.1188418
https://doi.org/10.3390/md13127058
https://doi.org/10.1128/AEM.02717-13
https://doi.org/10.1128/AEM.02717-13
https://doi.org/10.1111/j.1462-2920.2006.01054.x
https://doi.org/10.1111/raq.12087
https://doi.org/10.1111/raq.12087
https://doi.org/10.1111/raq.12087

