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Abstract: Genomes of cyanobacteria feature a variety of
cryptic biosynthetic pathways for complex natural prod-
ucts, but the peculiarities limiting the discovery and
exploitation of the metabolic dark matter are not well
understood. Here we describe the discovery of two cell
density-dependent chemical mediators, nostoclide and
nostovalerolactone, in the symbiotic model strain Nostoc
punctiforme, and demonstrate their pronounced impact
on the regulation of specialized metabolism. Through
transcriptional, bioinformatic and labeling studies we
assigned two adjacent biosynthetic gene clusters to the
biosynthesis of the two polyketide mediators. Our
findings provide insight into the orchestration of speci-
alized metabolite production and give lessons for the
genomic mining and high-titer production of cyanobac-
terial bioactive compounds.

Introduction

Cyanobacteria are oxygenic phototrophic bacteria that
flourish in a wide range of aquatic and terrestrial habitats.
These phototrophic prokaryotes are of great significance for

global carbon and nitrogen fixation, but they are also
notorious for the production of a range of potent toxins,
thereby posing a serious risk to humans and animals.[1] On
the other hand, cyanobacteria produce a wealth of bioactive
molecules with potential for pharmaceutical development
featuring intricate structures as well as unprecedented
biosynthetic enzymes.[2] Yet, the full biosynthetic potential
revealed by genome sequencing programs of cyanobacteria
is still largely untapped.[3] Although there are diverse
examples for the genome-based discovery of novel families
of natural products from cyanobacteria and their heterolo-
gous production, concepts for the exploitation of specialized
metabolites from cyanobacteria are in their infancy.
A major reason for the lack of fundamental studies is the

fact that the majority of cyanobacteria harboring a multitude
of orphan secondary metabolite biosynthetic gene clusters
(BGCs) are non-model organisms. Genomic surveys have
revealed that a high content in BGCs encoding nonriboso-
mal peptide synthetases (NRPS), polyketide synthases
(PKS) and ribosomally produced and posttranslationally
modified peptides (RiPPs) is primarily found in late-
branching lineages of cyanobacteria that frequently show
either a transient or permanent multicellularity.[3] Faculta-
tive symbiotic cyanobacteria of the genus Nostoc are among
these versatile genera and show a multitude of chemical
interactions with plant hosts and other microorganisms. N.
punctiforme PCC 73102 is the only strain that currently
combines an accessibility to genetic manipulation with a
large number of unexplored BGCs. While the antiSMASH[4]

platform (version 5.2) identifies 21 BGC regions, only five
of the pathways could be assigned to a product, namely
geosmin, heterocyst glycolipids, anabaenopeptins, nostopep-
tolides and microviridins.[5–7]

A role of cell density-dependent factors in the control of
BGC expression in N. punctiforme was suggested by two
recent studies. Time-series analyses of N. punctiforme grown
on plates using RNA sequencing revealed a pronounced
upregulation of several BGCs at high cell densities.[5] High-
density cultivation of N. punctiforme in liquid culture also
led to an enhanced transcription of more than 50% of
BGCs and facilitated the discovery of novel anabaenopeptin
and microviridin variants.[5,7] A systematic dissection of
abiotic and biotic factors contributing to the increased
expression using a transcriptional reporter library pointed to
interconnected effects of high light conditions, high CO2
partial pressure and extracellular signaling factors on the
control of the specialized metabolism in N. punctiforme.[5]

Yet, the nature of the signaling molecules triggering the cell
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density effects in N. punctiforme is currently unknown. In
heterotrophic microorganisms, cell density effects are com-
monly conveyed by quorum sensing (QS) mediators. Differ-
ent bacterial phyla have evolved a diverse chemical language
for intra- and interspecies communication, including acylho-
moserine lactones (AHLs), dialkylresorcinols (DARs) and
γ-butyrolactones (GBLs). The diffusible signals show an
autoinduction and thereby control a QS regulon that
frequently includes BGCs as major target genes. The
specialized metabolism in the prolific model strain Strepto-
myces coelicolor, for example, is largely controlled by signals
of the γ-butyrolactone family (GBLs).[8,9] Understanding the
QS regulons can inspire the design of genetic switches and
contribute to the engineering of strains and populations.[10]

Although the production of N-octanoyl-homoserine lactone
and (+)-α(S)-butyramido-γ-butyrolactone have been re-
ported for the cyanobacterial strains Gloeothece sp. PCC
6909 and Lyngbya majuscula, respectively,[11] QS mediators
in cyanobacteria are largely unknown. No study has so far
elucidated a QS network in cyanobacteria or connected this
type of signal to the specialized metabolism.
Here, we have combined a reporter-based and bioactiv-

ity-guided approach with the overexpression of BGC
regulator genes to elucidate cell density-dependent signaling
factors of N. punctiforme PCC 73102. Our study not only
reveals for the first time the influence of cell density-
dependent mediators for the specialized metabolism in
cyanobacteria but highlights the discovery of the first
tetronate biosynthesis pathway in cyanobacteria. Further,
we demonstrate a method that can be used for the pathway-
specific high-titer production of target metabolites in native
cyanobacterial hosts. Our study provides lessons for the
development of cyanobacteria into sustainable production
systems.

Results and Discussion

We started our study with two hypotheses: 1) a putative QS
mediator or the underlying biosynthetic genes show cell
density-dependent expression, and 2) a putative QS media-
tor is the product of one of the 16 orphan BGCs in N.
punctiforme. Hence, we took a closer look at cell density-
dependent BGCs in N. punctiforme. Amongst several
candidates, the polyketide synthase gene cluster pks1 that is
silent under conventional growth conditions but highly
transcribed under high-density conditions was the most
promising candidate. In contrast to other BGCs, the cell
density-dependent induction of pks1 transcription was
observed independent of light and CO2 conditions and was
also evident in time-course experiments on plates (Fig-
ure 1A).[5] Further, transcription of pks1 could be induced
by the addition of high-density culture supernatant under
conventional growth conditions.[5]

In addition to putative biosynthetic enzymes, the pks1
BGC encodes a transcription factor (RS10525) of the AraC-
type (Figure 1B). A bioinformatic survey for related AraC-
type transcription factors revealed the presence of close
homologues in a number of cyanobacterial genomes, but not

Figure 1. Cell-density dependent expression of the pks1 BGC, and
establishment of an AraC_PKS1 overexpression mutant. A) Expression
values of a representative biosynthetic core gene of the BGC pks1
(RS10485) from a 9 d time-course experiment performed on filters
grown on diazotrophic agar plates.[5] The baseline level estimated for
constitutively expressed BGCs is indicated by the dashed line. TPM:
transcripts per million. B) Schematic representation of the pks1 BGC.
C) Schematic overview of the overexpression plasmid containing the
potential pathway-specific regulatory gene RS10525 from the pks1 BGC,
a strong promoter region from N. punctiforme (5’ region of RS16340)
and a streptomycin resistance cassette for selection. D) Transcription
level of the potential pathway-specific regulator AraC_PKS1 (RS10525)
in the AraC_PKS1 mutant strain compared to the transcription level in
the WT strain. E) HPLC profiles of cell pellets and culture supernatants
from AraC_PKS1 mutant strain and WT under conventional and HL/HC
cultivation conditions. HPLC profiles are shown at a wavelength of
199 nm. Known metabolite peaks are labeled (Mvd: microviridin,
Nos1052: nostopeptolide 1052, NosA: nostopeptolide A, Apt: nostami-
de A).
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outside the cyanobacterial phylum. The majority of these
AraC homologues are encoded in the proximity of BGCs
including RiPP as well as NRPS gene clusters (Figure S1).
As AraC-type regulators commonly act as positive

regulators,[12] we designed an N. punctiforme overexpression
mutant with the aim to constitutively upregulate the pks1
BGC and to identify the pks1 products. N. punctiforme was
therefore transformed with an autonomously replicating
plasmid carrying the AraC_PKS1 encoding gene fused to a
strong N. punctiforme promoter region identified in a
previous study (5’ region of RS16340[5]) (Figure 1C). Tran-
scriptional analysis of the resulting AraC_PKS1 mutant
showed that the respective regulatory gene is strongly
overexpressed when compared to the transcription of the
wild-type (WT) strain under conventional growth conditions
(Figure 1D).
The comparison of metabolite profiles of the WT and

the AraC_PKS1 overexpression mutant under conventional
growth conditions and under high light and high CO2
conditions (hereafter HL/HC conditions) revealed remark-
able differences. Both strains show a pronounced stimula-
tion of metabolite production under HL/HC conditions as
reported earlier.[7] The HPLC profiles of both the cell pellet
and the supernatant of the AraC_PKS1 strain, however,
showed a considerable number of additional peaks (Fig-
ure 1E). These findings indicate that AraC_PKS1 over-
expression leads to further stimulation of the specialized
metabolism in N. punctiforme. To test this assumption, BGC
transcription of both strains was compared by RT-qPCR. As
expected, the AraC_PKS1 overexpression strongly induces
the transcription of the pks1 BGC (Figure S2). Moreover, a
considerable number of BGCs are upregulated under
conventional growth conditions in the AraC_PKS1 over-
expression strain. The most pronounced upregulation was
observed for the cryptic lanthipeptide BGCs ripp3 and ripp4
(Figure S2). These data support the hypothesis that the pks1
product might act as a global chemical mediator and that
additional BGCs might represent putative target genes
within a global signaling network.
As we anticipated that the cryptic ripp4 lanthipeptide

BGC might respond to a pks1-derived diffusible signaling
compound, we designed a bioactivity-guided search for the
pks1 product utilizing the ripp4 transcriptional reporter
strain. Therefore, major metabolites accumulating in the
supernatant of the AraC_PKS1 strain were purified and
added to a freshly inoculated culture of the reporter strain.
We found that only the hydrophobic fraction V (Figure 2A)
is able to strongly induce ripp4 expression after 24 h of
cultivation (Figure 2B).
These findings indicated that one or more hydrophobic

metabolites, likely the products of the pks1 pathway, act as
inducer(s) for the ripp4 BGC. Mass spectrometric analysis
of the active fraction showed the presence of three potential
pks1 metabolites (1–3, Figure 2C), which were isolated from
an upscaled fermentation broth and purified by preparative
HPLC. As compounds 1 and 2 predominantly accumulate in
the cell pellet (Figure 2A), both the supernatants and the
cell pellets were included in the upscaling process. Their
structures were elucidated by a combination of HR-MS and

one- and two-dimensional NMR analysis (Figure S3–S51,
Tables S1–S6).
To get further insight into the impact of the AraC_PKS1

overexpression on the transcription of the pks1 BGC and
the global specialized metabolism we performed compara-
tive RNA sequencing studies for the WT and the AraC_
PKS1 strain under conventional and HL/HC conditions.
While in the WT strain the pks1 BGC is only actively
transcribed under HL/HC conditions, its transcription is
strongly enhanced in the AraC_PKS1 strain under both
conventional growth conditions and HL/HC conditions (Fig-
ure 3). Concomitantly, the accumulation of nostovalerolac-
tone and nostoclide was compared for both strains using
HPLC. In agreement with the transcriptional data, the
production level of both substances is greatly increased in
the AraC_PKS1 strain, especially under HL/HC conditions
(Figure 3). Yet, the production level of both compounds is
low under conventional conditions even after constitutive
upregulation of the AraC_PKS1 regulator (Table S8). These
data suggest that the upregulation of transcription alone is
not sufficient for the high-titer production of the two novel
compounds but likely depends on a better supply of
precursors under HL/HC conditions. Further inspection of
the expression of secondary metabolite BGCs revealed a
pronounced upregulation of a number of additional BGCs
in the AraC_PKS1 strain under HL/HC conditions including
the characterized BGCs for nostopeptolide, anabaenopep-
tin, microviridin and orphan BGCs such as the polyketide
BGCs pks2 and pks3 and the lanthipeptide BGCs ripp3 and
ripp4 (Figure S52 and Dataset S1). Together with the pks1
BGCs thus eight of the secondary metabolite BGCs
predicted by AntiSMASH are upregulated in the AraC_
PKS1 strain.
The strict dependency of nostovalerolactone and nosto-

clide production on the expression of the regulator gene
AraC_PKS1 suggests an involvement of the pks1 BGC in
the biosynthesis of both types of compounds. This is
matched by the fact that the pks1 cluster can be split into
two subclusters (Figure 4A) by comparison with other
characterized or predicted BGCs. Notably, many gene
products of the first subcluster (nvl) share homology to
enzymes from well-characterized tetronate biosynthetic
pathways (Table S7).[13] Given that the nostovalerolactones
and linear tetronate antibiotics like agglomerin A have
various structural features in common, like a linear hydro-
carbon tail, a terminal lactone ring, and an exocyclic meth-
ylene group, an involvement of the first subcluster in
nostovalerolactone biosynthesis seems plausible. Based on
the homology on the structural and genetic levels a model
for the biosynthesis of nostovalerolactones is proposed
(Figure 4B). Accordingly, the biosynthesis would start with
the activation of octanoic acid by the fatty acyl-AMP ligase
(FAAL) domain of NvlI. Next, the fatty acid moiety would
be oxidized by an adjacent acyl-CoA dehydrogenase
(ACAD) domain and then elongated by four extension
modules of the type I polyketide synthases NvlJ, K, L and
M. Interestingly, double bond formation seems to occur in
β,γ-position, which is rare in polyketide biosynthesis.[14]

After fusion of an ACP-bound glyceryl moiety with the
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linear PKS intermediate, the bicyclic ring system would be
formed with help of the FabH-like 3-oxoacyl-ACP synthase
III protein NvlD. The glyceryl residue in tetronate biosyn-
thetic pathways is commonly derived from 1,3-bisphospho-
glycerate, which is derived from glycolysis and transferred to
an ACP by a glyceryl-S-ACP synthase.[13] However, addition
of 13C-labeled glucose or 13C-glycerol to the cultivation
medium did not yield 13C-labeled nostovalerolactone (Fig-
ure S47–50, Table S4). In addition, the production of
nostovalerolactone was strongly reduced after glucose
feeding (Figure S46). In contrast to that, nostovalerolactone
production was highly stimulated by HL/HC conditions
(Figure 3). Thus, 1,3-bisphosphoglycerate or a related C3
precursor, which is transferred to the ACP NvlF by the
glyceryl-S-ACP synthase NvlE may be derived from the
Calvin-Benson cycle, which is highly active under HL/HC
conditions but downregulated under mixotrophic growth

conditions in cyanobacteria.[15] NvlD, E, and F are homologs
of RkD, E, and F, which facilitate tetronate ring formation
in the biosynthesis of the protein phosphatase inhibitor RK-
682.[16]

Notably, cyclization in nostovalerolactone biosynthesis
does not yield a tetronate ring but a highly unusual δ-
valerolactone ring instead, which is fused to an oxepane-like
unit. To gain first insights into this unusual cyclization
sequence we performed labeling studies with 1-13C- and
1,2-13C2-labeled acetate (Figure S46–S51, Table S4). Intrigu-
ingly, the unconventional labeling pattern of carbon atoms
C7 and C3 of nostovalerolactone indicates a rearrangement
reaction in the course of cyclization (Figure 4B). In addition,
ring formation seems to be accompanied by an oxygenation.
This is evident from the increased number of oxygen atoms
in the first proposed cyclization product (O7) compared to
its linear precursors (O3+O3) (Figure 4B). Possible candi-

Figure 2. Identification of bioactive metabolites from AraC_PKS1 strain. A) HPLC profiles of the extracts of culture supernatant and cells from
AraC_PKS1 grown under HL/HC cultivation condition for 20 d. Several yet uncharacterized metabolite peaks are visible in the mutant strain. Main
supernatant peaks were fractionated and labelled with I–V as indicated below the chromatogram. HPLC profiles are shown at the wavelengths of
220 nm (black) and 350 nm (light blue). B) Fluorescence micrographs of ripp4 reporter strain treated with fractions I–V and of an untreated ripp4
reporter control culture. All cultures were grown conventionally for 24 h. The reporter strain shows a strongly increased expression upon treatment
with fraction V. CFP fluorescence signal (blue) indicating promoter activity of the ripp4 BGC. Chlorophyll-a autofluorescence (red) indicating living
vegetative cells. Scale bar (yellow)=10 μm. C) Obtained structures of new compounds, nostoclide N1 (1), N2 (2), and nostovalerolactone (3) from
fraction V, and a minor congener 9-dehydronostovalerolactone (4). These structures were elucidated by a combination of MS and NMR analyses.
Selected 1H-1H COSY (black bold line), 2,3J-HMBC (black arrow), 4,5J-HMBC (red arrow), and NOESY (blue arrow) correlations are shown.
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dates for an involvement in the oxidative rearrangement
would be the putative Baeyer–Villiger monooxygenase
(BVMO) NvlQ,[17] which shares similarity to a group of
oxygenases catalyzing Baeyer–Villiger oxidations in various
trans-AT PKS pathways as well as NvlH, a homolog of the
BVMO MtmOIV, which catalyzes oxidative ring cleavage in
the biosynthesis of mithramycin.[18] However, the mechanis-
tic details and order of the rearrangement and cyclization
reactions, as well as putative enzymes involved remain to be
investigated.
After the formation of the bicyclic ring system, dehy-

dration to yield the exocyclic double bond is proposed to be
facilitated in two steps: First, O-acetylation is catalyzed by
NvlG followed by elimination of acetic acid catalyzed by

NvlN to yield compound 4. This enzyme couple is homolo-
gous to Agg4 and Agg5, which catalyze the analogous
acetylation–elimination reaction in the biosynthesis of the
acyltetronate antibiotic agglomerin.[19] Finally, hydration of
4 yields nostovalerolactone.
The second subcluster adjacent to the proposed nostova-

lerolactone BGC (ncl) has pronounced similarity to the
cyanobacterin BGC that was recently elucidated using both
heterologous expression in E. coli and in vitro
reconstitution.[20] Further support for the involvement of this
subcluster in nostoclide biosynthesis comes from the bio-
chemical and structural characterization of the gene product
of RS10365 (NclD in our nomenclature; Figure 4A). This
enzyme has been shown to be a phenylalanine ammonia
lyase (PAL) that converts phenylalanine to cinnamic acid,[21]

which is an essential building block in the biosynthesis of
related furanolides.[20]

As nostoclide and nostovalerolactone are demonstrably
able to induce the promoter activity of the ripp4 BGC
(Figure 2), we were considering the possibility that the two
metabolites might also directly stimulate the transcription of
other BGCs which are upregulated in the AraC_PKS1
strain. To test this possibility, we performed an additional
series of RNA sequencing studies comparing the tran-
scriptome of the WT strain grown under conventional
conditions and treated with either nostoclide N1 and N2,
nostovalerolactone or a combination of both types of
compounds for 24 h (Figure 5). Seven of the secondary
metabolite BGCs are directly responding to the treatment
with either of the compounds (nostopeptolide BGC, anabae-
nopeptin BGC, microviridin BGC, ripp3 and ripp4 lanthi-
peptide BGCs) or to the combined treatment with both
compounds (pks3 and pks4 polyketide BGCs) (Figure 5).
Strikingly, neither nostoclide nor nostovalerolactone or a
combination thereof could induce the transcription of the
pks1 subclusters themselves (Dataset S2). These findings
suggest that nostoclide and nostovalerolactone act as global
chemical mediators and are significantly responsible for the
cell-density-dependent effects previously described for the
specialized metabolism in N. punctiforme,[5] however, the
compounds do not exhibit an autoinduction. The induction
of pks1 itself presumably involves another signal acting
upstream of the nostoclide/nostovalerolactone dependent
regulon (Figure 6). The existence of a chemical mediator
that activates the AraC_PKS1 gene itself could indeed be
verified by bioactivity-guided fractionation (Figure S53);
structural elucidation of the yet unknown compound will
however require further upscaling.
Nostoclide and nostovalerolactone thus fulfil only part

of the characteristics of QS mediators. The observed signal-
ing activity of the nostoclides and nostovalerolactone is
nevertheless in line with the structural features that these
compounds share with many other bacterial QS mediators.
The nostoclides belong to the class of butenolides, which
share a 2-furanone moiety.[22,23] Butenolides are well-known
signaling molecules in Gram-positive bacteria but recently
also gained attention as potential signaling compounds in
Pseudomonas.[23] They are structurally related to tetronates
and γ-butyrolactones. Many linear tetronates are inhibitors

Figure 3. Production of nostoclides and nostovalerolactone in N.
punctiforme WT and the AraC_PKS1 mutant strain. HPLC profiles are
shown at a wavelength of 350 nm. Culture supernatant (3) and cell
pellets (1 and 2) were used for HPLC analysis. The heatmaps visualize
the TPMs (transcripts per million) for each gene of the pks1 BGC.
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of phosphatase enzymes and interfere with signaling path-
ways that depend on phosphorylation,[13] whereas γ-butyr-
olactones, like the A-factor, are prototype QS signals.[8] For
nostovalerolactone structural resemblance with bacterial
pheromones is less obvious. However, besides its already
mentioned remote similarity with linear tetronates (Fig-
ure 4) the δ-valerolactone substructure is reminiscent of an
α-pyrone ring. A set of α-pyrones from Photorhabdus
luminescens has recently been shown to take part in a novel
type of cell-cell communication circuit.[24] Although the
complete pks1 BGC is not well conserved in cyanobacterial
genomes, biosynthetic components of the pathway are
widely distributed. The pks1 BGC was recently included in a
phylogenetic and literature survey on putative alkylresorci-
nol BGCs and scaffolds in cyanobacteria indicating a
common phylogenetic and biosynthetic origin.[25] Interest-
ingly, also dialkylresorcinols have been shown to act as QS-
like mediators.[26] We believe that a mosaic-like evolution

has contributed to the diversification of the compounds that
may perform related functions in diverse cyanobacterial
strains.
As nostoclides are structurally resembling cyanobacterin,

an inhibitor of photosynthetic electron transport targeting
photosystem II,[27] it has been suggested that nostoclides
may also act as allelopathic agents against most cyanobac-
teria and several eukaryotic algae.[28] We thus tested purified
nostoclides N1 and N2 in growth and allelopathy assays
against the two cyanobacterial strains N. punctiforme PCC
73102 and Anabaena sp. PCC 7120 and the green alga
Chlamydomonas reinhardtii. Both nostoclides did not induce
any visible allelopathic effects in the three organisms tested
(Figure S54). To evaluate possible effects on photosystem II
(PSII), the maximum PSII quantum yield (Fv/Fm) and the
effective PSII quantum yield (Fv’/Fm’) were determined
using PAM fluorometry (Figure S54C). The two compounds
did not cause any changes in the variable chlorophyll

Figure 4. Assignment of nostovalerolactones and nostoclides to the pks1 BGC. A) The pks1 BGC can be split into the nostovalerolactone BGC (nvl)
and the nostoclide subcluster (ncl) based on sequence homology to characterized BGCs of structurally related tetronate antibiotics,[13] as well as
the BGC of cyanobacterin.[20] B) Model for the biosynthesis of 9-dehydronostovalerolactone (4) and nostovalerolactone (3) considering the results
of labeling studies with 1-13C acetate and 1,2-13C2 acetate (Figure S46–S51, Table S4). The proposed biosynthesis shares many parallels with the
biosynthesis of tetronate antibiotics,[13] but also comprises a non-canonical cyclization sequence together with an oxidative rearrangement reaction
to yield nostovalerolactone’s unprecedented bicyclic ring system as evidenced by the unconventional labeling pattern of carbon atoms C7 and C3
of 3 and the increased number of oxygen atoms in the first proposed cyclization product (O7) compared to its linear precursors (O3+O3). FAAL:
fatty acyl-AMP ligase, ACAD: acyl-CoA dehydrogenase, ACP: acyl carrier protein, KS: ketoacylsynthase, AT: acyl transferase, KR: ketoreductase, DH:
dehydratase, MT: C-methyltransferase.
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fluorescence measurements in the eukaryotic or the pro-
karyotic algae, suggesting that in contrast to cyanobacterin,
nostoclide N1 and N2 likely do not act as algicidal mediators
in the strains tested (Figure S54).
Overall, our data provide evidence that nostoclides and

nostovalerolactone jointly control the expression of a
significant part of secondary metabolite BGCs in N.
punctiforme. With nostopeptolide and anabaenopeptin the
regulatory network includes two characterized compounds
that were shown to be involved in the negotiation with the
symbiotic host Blasia pusilla and the intraspecific competi-
tion with other Nostoc strains in the habitat.[7,29] The two
novel chemical mediators thus enforce multilateral interac-
tions of N. punctiforme that include inter- as well as
intraspecific interactions. Further research is needed to
understand the physiological role of the extracellular signal-
ing.

Conclusion

In the present study, we demonstrate that the combination
of transcription factor engineering and transcriptional
reporter-guided purification of compounds is an effective
method to mine cryptic metabolites in cyanobacteria.
Although the remarkable stimulation of the specialized
metabolism through high-density cultivation was principally
known, assignment of products of individual BGCs is
complicated because of the complexity of the extracts and
the simultaneous upregulation of a large number of BGCs
and extracellular proteins.
Transcriptional and bioinformatic analyses as well as

labeling studies enabled us to assign two adjacent polyketide
pathways to the biosynthesis of the novel metabolites and to
establish a first model for the biosynthesis of the unprece-
dented δ-valerolactones.
Thus, our study not only extends the amazing diversity

of products of tetronate-like biosynthetic pathways, but also

Figure 5. Effect of nostoclide and nostovalerolactone addition on BGC expression. The heatmaps visualize the log2 fold change between treated and
untreated WT. A schematic representation of the corresponding BGC is given above the heatmap.
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assigns this type of biosynthesis to a cyanobacterium for the
first time. Analysis of the transcriptional response towards
the cell density-dependent mediators under low cell density
allows to dissect the individual impact of high light and high
CO2 conditions and chemical mediators, respectively, for the
reprogramming of the specialized metabolism in N. puncti-
forme. Understanding the role of cell density-dependent
mediators can not only guide the elucidation of the full
genetic circuit underlying the regulation of the specialized
metabolism in N. punctiforme but also be used for the design
of genetic tools to awaken the specialized metabolism in
other prolific cyanobacterial strains. The study can thereby
contribute to the development of cyanobacteria into the
sustainable production systems for bioactive natural prod-
ucts and can inspire customized screening programs of
cyanobacteria.
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