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Cyanobacteria are prolific producers of bioactive natural products, including promising drug leads for FDA-
approved cancer therapeutics. Advances in genome sequencing and computational tools have revealed
a wealth of cyanobacterial biosynthetic gene clusters (BGCs). However, progress in genome-driven
discovery has been hindered by challenges in manipulating native hosts and the limited availability of
efficient heterologous expression platforms. This highlight focuses on recent synthetic biology
innovations on cyanobacterial systems that address these obstacles, facilitating the production of diverse
cyanobacterial natural product families. We discuss key features of widely used cyanobacterial chassis,
such as Synechocystis sp. PCC 6803, Synechococcus elongatus UTEX 2973, Anabaena sp. PCC 7120,
and emerging hosts. Advances in BGC cloning, combinatorial biosynthesis, transcriptional and
translational regulation, and host engineering are also highlighted. Together, these synthetic biology
developments provide a powerful framework for expanding cyanobacterial natural product discovery and
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1. Introduction

Cyanobacteria are a diverse group of Gram-negative, photoau-
totrophic prokaryotes that have thrived in almost all environ-
ments, particularly illuminated niches, for over 3.5 billion
years, from aquatic ecosystems to extreme terrestrial habitats
such as deserts. Their remarkable ecological adaptability has
driven the evolution of diverse survival strategies, including
intricate symbiotic relationships and metabolic specialization.*
A key outcome of this evolutionary history is the biosynthesis of
an extensive repertoire of structurally and functionally diverse
natural products (NPs),”> which play crucial roles in interspecies
competition and environmental resilience. These bioactive
compounds, ranging from anti-UV agents such as mycosporine-
like amino acids to antimicrobials like hapalindoles and anti-
virals such as cyanovirin-N, provide cyanobacteria with
a competitive advantage in their natural habitats.®* Notably,
certain cyanobacterial NPs, including dolastatin 10, gatorbulin-
1, and cryptophycins, exhibit potent cytotoxic activity by
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modulation of tubulin dynamics, a validated anticancer
strategy, making them valuable drug leads.* Among these leads,
six synthetic analogs of dolastatin 10 have received FDA
approval, with five currently on the market, including brentux-
imab vedotin, polatuzumab vedotin, enfortumab vedotin, dis-
itamab vedotin, and tisotumab vedotin. This remarkable
chemical diversity allows cyanobacterial NPs to interact with
a wide range of biological targets, contributing to their broad
pharmacological potential.*®

Over the past decades, the discovery of bioactive cyano-
bacterial NPs has extended beyond traditional isolation-based
approaches to include in silico strategies, unveiling a vast,
untapped chemical diversity encoded within biosynthetic gene
clusters (BGCs).* BGCs are co-localized genes responsible for
synthesizing diverse NPs, such as nonribosomal peptides
(NRPs), polyketides (PKs), ribosomally synthesized and post-
translationally modified peptides (RiPPs), terpenes, glycosides,
phosphonates, and biosynthetic hybrids. However, despite
notable progress in associating BGCs with known NP families,
more than 80% of cyanobacterial BGCs remain uncharacterized
or orphaned.” A major challenge in assigning NPs to their cor-
responding BGCs stems from the widespread presence of silent
or cryptic clusters, which are not expressed under standard
laboratory conditions or when native producers are harvested
from the field. On the other hand, recent advances in genome
sequencing and bioinformatics have greatly accelerated efforts

This journal is © The Royal Society of Chemistry 2025
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to decipher cyanobacterial biosynthetic potential. The National
Center for Biotechnology Information (NCBI) GenBank serves

Manyun Chen, PhD, earned her
B.S. from Tsinghua University
and M.S. in Pharmaceutical
Sciences from the University of
Southern California. She
completed her PhD in Medicinal
Chemistry at the University of
Florida in 2022, studying
genomics-guided discovery and
biosynthetic pathways of natural
products under Prof. Yousong
Ding. She then served as a Post-
doctoral Associate, focusing on
enzyme mechanisms and bio-
catalyst development. In 2023, she was appointed Assistant Scien-
tist at UF's Center for Natural Products, Drug Discovery and
Development (CNPD3), where her research centers on genome
mining and biosynthetic production of marine-derived natural
products.

Manyun Chen

Dipesh Dhakal, PhD, is a Post-
doctoral Associate in the Depart-
ment of Medicinal Chemistry and
the Center for Natural Products,
Drug Discovery and Development
at the University of Florida. He
earned his B.Tech in Biotech-
nology from Kathmandu Univer-
sity (Nepal) in 2007 and M.S.
from Guru Nanak Dev University
(India) in 2010. He completed his
PhD at Sun Moon University
(Korea) in 2016, focusing on the
biosynthetic and  regulatory
pathways of natural products in actinobacteria. Since 2020, Dr
Dhakal has been investigating the biosynthesis of cyanobacterial
natural products, including lyngbyastatins, apratoxins, and
dolastatin-10, with an emphasis on their enzymatic mechanisms.

Campbell Eckhardt earned his
B.S. in Biochemistry from the
University of Tulsa in 2024,
where he studied metabolite-
driven modulation of sala-
mander morphology under Prof.
Ron Bonett. He 1is currently
pursuing a PhD in Pharmaceu-
tical Sciences at the University of
Florida in Prof. Yousong Ding's
lab. His research focuses on
uncovering the molecular mech-
anisms by which proteins
mediate adaptive responses to
environmental stressors, ultimately shaping host survival and
evolutionary trajectories across diverse biological systems.

Dipesh Dhakal

Campbell W. Eckhardt

This journal is © The Royal Society of Chemistry 2025

View Article Online

Natural Product Reports

as the most comprehensive repository of cyanobacterial
genomes, classifying assemblies into four levels: complete
genome, chromosome, scaffold, and contig. As of December
2024, GenBank contained 360 complete genomes, 83 chromo-
somes, 1672 scaffolds, and 4958 contigs, totalling 6516 cyano-
bacterial sequences, an approximate 40-fold increase from 178
sequences available between 1980 and 2013.” Additionally, at
the 14th Workshop on Cyanobacteria held in June 2022 at
Michigan State University, the newly curated cyanobacterial
genomic database CyanoCyc was introduced and later inte-
grated into the BioCyc collection. CyanoCyc encompasses 277
cyanobacterial genomes across 56 genera, with five genomes
manually annotated using information from over 1765 publi-
cations, providing detailed insights into gene functions and
metabolic pathways.® Other notable genome repositories facil-
itating cyanobacterial NP discovery include the Joint Genome
Institute (JGI) Genome Portal and UniProt Knowledgebase.
Another major advance in in silico cyanobacterial NPs
discovery is the increasing availability of bioinformatics tools
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molecules addressing pressing societal needs.
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for mining BGCs and predicting their associated NPs. Antibi-
otics & Secondary Metabolite Analysis Shell (antiSMASH) 7.0
enables rapid BGC detection, annotation, and comparative
analysis using profile hidden Markov models.® Since its initial
release in 2011, antiSMASH has integrated many other tools to
enhance BGC mining capabilities. Another key resource,
Minimum Information about a Biosynthetic Gene Cluster
(MIBiG), serves as a reference database, linking BGCs to known
NPs and providing insights into sequence-structure-function
relationships.' These datasets have also been incorporated into
more advanced computational frameworks, such as the
Biosynthetic Gene Similarity Clustering and Prospecting Engine
(BiG-SCAPE) and CORe Analysis of Syntenic Orthologues
(CORASON) to prioritize NP BGCs."" BiG-SCAPE classifies BGCs
through sequence similarity networks, while CORASON maps
their evolutionary relationships across species. Furthermore,
the recently released secondary metabolism collaboratory holds
13.1 million BGC regions from bacteria and archaea, including
over 56 000 cyanobacterial BGCs."” Despite these advancements,
bottlenecks remain functionally characterizing BGCs and acti-
vating silent clusters to produce encoded NPs. In this regard,
heterologous expression has emerged as a powerful strategy to
overcome these limitations, unlocking the full biosynthetic
potential of cyanobacteria.
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Fig. 1 Structures of cyanobacterial natural products successfully
produced in heterologous cyanobacterial hosts.
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Early efforts in the heterologous expression of cyanobacterial
NPs have primarily focused on RiPPs in Escherichia coli, largely
due to their small BGC sizes. As one of the most extensively
developed microbial chassis, E. coli offers several advantages,
including rapid growth, a wealth of genetic tools, and well-
established protocols for cultivation and genetic manipula-
tion. Recent advancements in large BGC assembly and engi-
neered E. coli strains have enabled the production of more
complex cyanobacterial NPs. However, many attempts to
express cyanobacterial BGCs in E. coli or other conventional
heterologous hosts have been unsuccessful, underscoring the
need for alternative expression systems, particularly cyanobac-
teria.”® Transcriptional regulation in cyanobacteria differs
significantly from that in E. coli, including distinct promoter
architectures, RNA polymerase compositions, and global regu-
latory networks, as reviewed previously.'* Moreover, cyanobac-
teria's photoautotrophic nature makes them promising
biofactories for sustainable, high-value NP production in an
environmentally friendly manner. However, despite several
successful examples (Table 1 and Fig. 1), their potential as
heterologous hosts remain largely untapped. In this research
highlight, we focus on recent advances in chassis development
and synthetic biology tools for heterologous expression in cya-
nobacteria. Successfully expressed cyanobacterial NPs are dis-
cussed in the following two sections to illustrate key strategies
employed. These developments could bridge the gap between
the numerous BGCs identified through genome mining and the
limited number of NPs discovered.

2. Cyanobacterial chassis for
heterologous production

An ideal heterologous host for NP expression should possess
key attributes such as a fast growth rate, biosynthetic compat-
ibility with specific NP classes, and genetic tractability for effi-
cient manipulation. Model bacteria with well-established
protocols for conjugation and gene editing are often prioritized.
Additionally, hosts with minimal secondary metabolism are
advantageous for maximizing the biosynthetic efficiency of
exogenous BGCs, whereas strains harboring specific BGC types
may enhance expression, facilitate proper protein folding, and
provide essential metabolic precursors. Here, we provide a brief
overview of the genomic features of selected cyanobacterial
strains that have been utilized, or hold potential, as

Table 2 The genome context and AntiSMASH predicted BGCs of selected cyanobacteria

The number of predicted BGCs

Strain Genome size (Mb) GC content (%) Terpene RiPP  NRPS PKS NRPS/PKS hybrid Others  Total
Anabaena 7120 7.2 41.5 4 3 1 1 3 1 13
Synechocystis 6803 3.9 47.5 3 3
Synechococcus 7942 2.8 55.5 2 2
Synechococcus 2973 2.7 55.5 2 2
Synechococcus 7002 3.4 49.0 1 1 3
Synechococcus 11901 3.5 49.0 1 1 1 3

This journal is © The Royal Society of Chemistry 2025

Nat. Prod. Rep., 2025, 42, 1240-1250 | 1243


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00009b

Open Access Article. Published on 16 April 2025. Downloaded on 2/28/2026 3:56:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Natural Product Reports

heterologous hosts to produce cyanobacterial NPs (Table 2) and
then highlight their applications.

2.1 Anabaena sp. PCC 7120

The filamentous freshwater cyanobacterium Anabaena sp. PCC
7120 (hereafter Anabaena 7120) has emerged as the most
effective cyanobacterial chassis for heterologous production of
cyanobacterial NPs (Table 1). As a well-established model
organism with a doubling time of approximately 14-15 hours,
Anabaena 7120 has been extensively utilized to elucidate key
cyanobacterial biological processes, such as nitrogen fixation
and cell differentiation. Although Anabaena 7120 cannot grow
under strictly heterotrophic conditions in darkness, it has
demonstrated the ability to support mixotrophic growth when
supplemented with fructose,” offering a potential strategy for
high cell-density cultivation. This approach could improve NP
yields by optimizing carbon flux and enhancing cellular
metabolism.*®

The genome of Anabaena 7120 encodes 13 NP BGCs
including five NRPS and PKS BGCs (Table 2), underscoring its
inherent biosynthetic capacity. Notably, it harbors a promis-
cuous Sfp-type phosphopantetheinyl transferase (PPTase),

ItxB gmpnD

ItxB 4 ItxC

ItxA ItxB 4 ItxC — — 3

1. In vitro promoter excision by Cas12a

2. Gibson
assembly with
new promoters

3. MRed
recombineering with
assembled mixture

P'fm

Py = Piha OF Peoar

Fig. 2 Representative recent advances in engineering cyanobacterial
BGCs for heterologous expression in Anabaena 7120. LtxA: NRPS;
LtxB: P450; LtxC: prenyltransferase; MpnD*: prenyltransferase; TleD*:
methyltransferase-cyclase; *: codon optimized gene. (A) Combina-
torial biosynthesis and promoter optimization for the heterologous
production of indolelactams (1-3). (B) Promoter engineering for the
heterologous expression of APK (4). The APK BGC was divided into
three fragments (Apra I-1ll) and the codon optimized type-Il thio-
esterase (TEII*) domain of the erythromycin cluster was employed to
release APK (4). The strong constitutive promoter Py in the cloned
BGC was replaced with inducible promoters Py, or Pcoat through
a combination of in vitro Casl2a-directed cleavage followed by Gibson
assembly and in vivo ARed/ET recombineering. EryR and CmR:
erythromycin and chloramphenicol resistance markers, respectively.
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capable of activating carrier proteins of fatty acid synthases
(FASs), PKSs, and NRPSs.”” The Philmus group first demon-
strated the utility of Anabaena 7120 as a heterologous host for
NP production by expressing lyngbyatoxin A (1) from a three-
gene BGC derived from the marine cyanobacterium Moorena
producens (Fig. 1 and 2A)." This pathway includes the dimod-
ular NRPS LtxA, which synthesizes the N-methyl-valyl-
tryptophan thioester, the cytochrome P450 LtxB, which cata-
lyzes indolactam-forming cyclization, and the prenyltransferase
LtxC, which installs the geranyl moiety. Introduction of the ltxA-
C genes enabled Anabaena 7120 to produce lyngbyatoxin A (1) in
both solid and liquid cultures. Optimization studies revealed
that nitrogen source selection and promoter engineering
significantly improved titers (Fig. 2A), reaching up to 2307 ng
mg ' dry cell weight (DCW). Furthermore, this chassis has
facilitated the heterologous production of NRP/PK hybrid
compounds such as cryptomaldamide (6) and columbamide (7)
(Fig. 1),"*° and currently remains the only cyanobacterial host
capable of heterologous expression of complex NRP/PK-type
cyanobacterial NPs (Table 1). More recently, Anabaena 7120
has been used to produce the cyanobacterial meroterpenoid
tolypodiol (5) and its analogs by expressing a 21-kb BGC,*
further demonstrating its versatility in supporting the heterol-
ogous production of diverse NP classes. Beyond native pathway
expression, it has been successfully applied in combinatorial
biosynthesis approaches. For example, swapping the prenyl-
transferase gene with mpnD from the pendolmycin BGC in
marine Actinobacteria or fusing the methyltransferase gene tleD
from the teleocidin BGC in Streptomyces yielded diverse indo-
lelactam derivatives (Table 1 and Fig. 2A),'® highlighting cross-
phylum BGC engineering. Similarly, we recently modified the
PKS subcluster of apratoxin A by incorporating the type-II
thioesterase from the erythromycin BGC to facilitate the
release of the final product APK (4) in Anabaena 7120 (Fig. 2B).>>

2.2 Unicellular cyanobacteria

Compared to Anabaena 7120, the unicellular freshwater model
cyanobacteria Synechocystis sp. PCC 6803 (hereafter Synechocystis
6803) and Synechococcus elongatus PCC 7942 (hereafter Synecho-
coccus 7942) exhibit significantly faster growth rates, with
doubling times of approximately 7-12 hours and 6-7 hours,
respectively, which can be further optimized under controlled
conditions.” Notably, S. elongatus UTEX 2973 (hereafter Syn-
echococcus 2973), a close relative of Synechococcus 7942, demon-
strates exceptionally rapid autotrophic growth with a doubling
time of less than 2 hours, comparable to many heterotrophic
industrial hosts.** These cyanobacterial strains have been exten-
sively engineered as biofactories for economically valuable
compounds, including biofuels, sugars, hydrocarbons, and alco-
hols. Due to their relatively small genome sizes and lack of native
PKS and NRPS pathways (Table 2), heterologous expression of
NPs in these chassis has primarily focused on terpenoids.”® One
notable exception is the heterologous expression of hapalindole
alkaloids (9) in Synechococcus 2973 (Table 1 and Fig. 1), achieved
by introducing a 42-kb hapalindole BGC on a replicative
plasmid.*® Additionally, despite the absence of a native NRPS

This journal is © The Royal Society of Chemistry 2025
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BGC, Synechocystis 6803 successfully expressed the shinorine (8)
gene cluster from Fischerella sp. PCC 9339 (Table 1 and Fig. 1),%
which includes a single-modular NRPS-like gene, through co-
expression with the PPTase of Anabaena 7120. These studies
highlight the potential of synthetic biology approaches to
enhance the suitability of fast-growing cyanobacterial chassis for
the sustainable biosynthesis of diverse cyanobacterial NPs (Table
1 and Fig. 1).

Since many bioactive cyanobacterial NPs originate from
marine environments, marine cyanobacteria could serve as
promising alternative hosts for heterologous expression of these
compounds. These organisms often possess specialized meta-
bolic pathways and unique transcriptional regulatory systems
that may facilitate the biosynthesis of complex NP precursors and
tailoring enzymes not readily available in traditional hosts.”®
Moreover, marine cyanobacteria are naturally adapted to various
environmental stressors, including high light intensity, elevated
temperatures, and fluctuating salinity, enabling them to thrive
under dynamic conditions. The model marine cyanobacterium
Synechococcus sp. PCC 7002 (hereafter Synechococcus 7002) has
been successfully engineered for high-yield sucrose production
under high salt concentration.” Furthermore, Synechococcus sp.
PCC 11901 (hereafter Synechococcus 11901), a fast-growing marine
cyanobacterium, has been equipped with comprehensive genetic
toolkits, including genomic integration systems, constitutive and
inducible promoters, and CRISPR-based genome editing.*
Notably, both Synechococcus 7002 and 11901 harbor native NRPS/
PKS-type BGCs (Table 2), further supporting their potential
as viable hosts for the heterologous biosynthesis of complex NPs.

2.3 New opportunities

One major challenge in developing cyanobacteria as heterolo-
gous hosts is polyploidy, a common trait among cyanobacteria,
with most strains carrying between 3 to 200 genome copies per
cell.* While polyploidy has been linked to beneficial traits such
as enhanced stress tolerance and increased metabolic capacity,
it complicates genetic engineering by requiring multiple selec-
tion steps to achieve a homozygous strain and a genetically
homogenous population. However, certain cyanobacterial
species, including Synechocystis 6803, Synechococcus 7942 and
2973, are naturally competent, allowing them to uptake exoge-
nous DNA and integrate it into their genome via homologous
recombination.®* Although neutral chromosomal sites for
heterologous gene integration have been identified to minimize
pleiotropic effects, polyploidy remains a key limitation of this
approach. To overcome these challenges, advances in alterna-
tive genetic editing methods have been developed to facilitate
rational strain engineering in polyploid cyanobacteria. For
industrial-scale applications, continued optimization of cyano-
bacterial chassis is essential. Strategies such as engineering
precursor and cofactor pathways, modulating regulatory
networks, and fine-tuning biosynthetic pathways can signifi-
cantly enhance metabolite production efficiency.*® Continued
research in this area, particularly the development of new
chassis, will be critical to fully harnessing cyanobacteria as
sustainable platforms for NP discovery and biomanufacturing.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Natural Product Reports

3. Synthetic biology strategies for
heterologous production of
cyanobacterial NPs in cyanobacterial
hosts

Heterologous expression can potentially circumvent the context
dependency of BGC activation, which is often influenced by
native regulatory networks and signaling molecules. Addition-
ally, it enables the discovery of valuable new NPs and the
generation of novel derivatives through pathway and strain
engineering. The heterologous expression process involves
several key steps, including the identification of target BGC,
assembly of the BGC, and delivery of the BGC into a suitable
host.”® After selecting a chassis with a well-characterized
genome and favorable metabolic traits, the “design-build-test-
learn” cycle of synthetic biology can serve as an engineering
framework to facilitate successful heterologous expression. This
iterative process integrates (1) standardized synthetic biology
parts tailored for host compatibility, (2) efficient cloning and
delivery of genetic materials, and (3) metabolic engineering and
genome editing strategies to enhance target production. While
cyanobacterial synthetic biology toolkits are less developed than
common chassis such as E. coli and yeast, significant progress
has been made. The following section highlights the recent
advances of synthetic biology strategies used to enhance
heterologous expression in cyanobacteria (Fig. 3).

3.1 Synthetic biology toolkits for cyanobacterial BGC
engineering

Standardized genetic elements, including promoters, RBSs, and
terminators, are essential for fine-tuning heterologous BGC

R i
PRl
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Integrative plasmid

A B

Promoter

R

Terminator

T, e
1 r ori

Expression cassette Replicative plasmid
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s

Fig. 3 Schematic illustration of key synthetic biology parts for heter-
ologous production of cyanobacterial NPs. (A) An expression cassette
consists of a promoter, ribosome-binding site (RBS), gene of interest
(GOI), and a terminator, essential for controlled gene expression. (B)
Two types of plasmids utilized for BGC cloning. A replicative plasmid
includes an origin of replication (ori) for independent maintenance in
the host. An integrative plasmid features homology arms (depicted in
blue and red) to facilitate targeted genomic integration via homolo-
gous recombination. (C) CRISPR-Cas9/Cpfl and CRISPRi-dCas9 tools
for host engineering.

dCas9 )
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expression by regulating transcription and translation (Fig. 3A).
However, these components must be optimized for organism-
specific requirements such as GC content, regulatory signals,
and codon usage. While broad-host-range genetic parts remain
limited, strain-specific genetic tools are becoming increasingly
accessible.*

Among all synthetic biology parts, promoter refactoring has
been a primary focus for optimizing cyanobacterial BGC
expression. Promoters, either constitutive or inducible, regulate
downstream gene expression in response to environmental
factors such as light, intracellular CO, concentration, metal
ions (Ni**, Co®*, Cu®>"), and metabolites like nitrate. Many cya-
nobacterial promoters have been adapted from those used for E.
coli, including tetracycline, rhamnose, and IPTG-inducible
systems.”® Promoter engineering has significantly enhanced
NP production. For instance, refactoring the shinorine (8). BGC
from Fischerella sp. PCC 9339 with the strong constitutive
Pepeseo promoter in Synechocystis 6803 increased the yield 10-
fold to 2.37 & 0.21 mg g~ ' DCW (Table 1).>” Similarly, heterol-
ogous expression of hapalindoles (9) in Synechococcus 2973 was
achieved by reconstructing the native BGC from Fischerella
ambigua UTEX 1903 into synthetic operons with P, Pcpes, and
Pjp3110 promoters (Table 1), reaching titers of 0.75-3 mg L™ ".° A
similar increase in yield was observed when the native promoter
in the lyngbyatoxin A (1) BGC was replaced with the constitutive
promoter Pgpna (Table 1, Fig. 2A).''*® Moreover, recent studies
highlight the importance of promoter selection for both
expression and toxicity mitigation. For instance, the tolypodiol
(5) BGC was only successfully expressed under the Ppye
promoter (Table 1), not its native counterpart.”* Similarly,
heterologous expression of APK (4) in Anabaena 7120 was
initially unsuccessful with the constitutive Pr,. promoter likely
due to the product toxicity. This challenge was overcome by
switching to rhamnose- and cobalt-inducible promoters (Table
1 and Fig. 2B), achieving a yield of 10 mg L™" of APK (4).>> These
findings underscore the role of promoter tuning in both yield
improvement and toxicity management, a crucial factor given
that the resistance mechanisms of many cyanobacterial NPs
have been poorly characterized. However, promoter function
can vary across species, necessitating the development of well-
characterized promoter libraries tested in multiple cyano-
bacterial strains. The CyanoGate MoClo system assembled
a suite of constitutive and inducible promoters for diverse
cyanobacteria,**** though its application in optimizing BGC
expression remains limited. Expanding such engineering
strategies could unlock new opportunities in cyanobacterial NP
discovery and drug development.

In addition to promoters, terminators play a crucial role in
transcriptional control during heterologous expression. These
sequences, located downstream of a gene, signal the end of
transcription by facilitating the release of the transcript from
the transcription complex. Terminators are classified into two
main types, Rho-dependent and Rho-independent (intrinsic)
terminators. However, no homologs of Rho have been identified
in cyanobacterial genomes to date,** and Rho-independent
terminators are the primary mechanism of transcription
termination in cyanobacteria. A recent work screened 19
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intrinsic terminators in Synechocystis 6803 and observed varying
efficiencies,* underscoring the importance of testing termi-
nator strength in different cyanobacterial hosts. On the other
hand, a study evaluating 34 terminators in E. coli, Synechococcus
2973, and Synechocystis 6803 identified five terminators with
>96% termination efficiency across all three species,* suggest-
ing that some terminators function consistently in both
heterotrophic and cyanobacterial hosts. Despite their impor-
tance, terminator optimization for improving transcription
efficiency in heterologous expression of cyanobacterial NPs
remains underexplored. However, widely used E. coli termina-
tors, such as rrnB T1 and T7 terminator, have been successfully
applied for both protein and BGC expression in cyanobacteria.>*
Expanding studies on terminator engineering could further
enhance gene expression control in cyanobacterial synthetic
biology applications, particularly for the controlled expression
of multiple genes in the BGCs.

Beyond promoters and terminators, RBSs play a crucial role
by influencing translation efficiency and, consequently, product
formation. RBS sequences are transcribed and recognized by
ribosomes to initiate translation, and their modification allows
for fine-tuned control of protein expression. The strength of
both native Synechocystis 6803 RBS sequences and synthetic
variants has been characterized.** In addition to direct RBS
engineering, various regulatory strategies have been employed
to modulate expression levels in cyanobacteria, including
riboregulators,* NOT gates,** and riboswitches.”” Several
computational tools exist for predicting optimized RBS
sequences.** However, these were primarily developed for E. coli
and have not been optimized for cyanobacteria. Furthermore, to
our knowledge, optimized RBSs have yet to be systematically
evaluated for enhancing heterologous production of cyano-
bacterial NPs in cyanobacterial hosts, presenting a promising
yet unexplored opportunity.

3.2 Expression construct generation and delivery

In metabolic engineering and synthetic biology, assembling
genetic parts into replicable and expressible DNA molecules is
essential for constructing functional pathways. A replicative or
integrative plasmid is critical for the rapid prototyping of
metabolic pathways or regulatory elements (Fig. 3B). Replicative
plasmids are extrachromosomal, circular DNA elements that
are autonomously maintained. The origin of replication (ori)
determines the plasmid's replication initiation site (Fig. 3B) and
influences its copy number, which in turn affects gene dosage
and expression levels. While replicative plasmids facilitate
rapid functional testing, their variable copy number makes
precise control of gene expression challenging. Additionally,
they require selectable markers to ensure plasmid maintenance
through successive cell divisions.

Several origins of replication have been successfully used in
cyanobacteria. The broad-host-range ori RSF1010 functions
across diverse species,** while pCA and pCB support replication
in Synechocystis 6803 and pANS (also called pUH24) is func-
tional in Synechococcus 7942. Another broad-host-range repli-
con, RK2, has also been shown to support replication in various

This journal is © The Royal Society of Chemistry 2025
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cyanobacteria.** Recently, the Watanabe group identified and
characterized a Rep protein from Synechocystis 6803, enabling
the development of broad-host-range vectors applicable to
multiple cyanobacterial species.* Chimeric shuttle vectors
incorporating distinct origins of replication (ori) have been
engineered to support dual-host maintenance, enabling repli-
cation in both E. coli (for cloning and assembly) and specific
cyanobacterial species. Cyanobacterial plasmid replicons tested
so far include pDC1 from Nostoc sp. MAC PCC 8009, pDU1 from
Nostoc sp. PCC 7524, pAQ1 from Synechococcus 7002, pBA1 from
Anacystis nidulans 6301, pFDA from Fremyella diplosiphon, and
PANS.*

In integrative plasmids, a homology arm complementary to
a target locus in the host genome enables site-specific integra-
tion of the plasmid, carrying the expression cassette (gene of
interest, GOI, or BGC), via homologous recombination (Fig. 3B).
This approach allows for the stable maintenance of heterolo-
gous functions in cyanobacterial hosts and is also commonly
used for gene knockouts in loss-of-function studies. In cyano-
bacteria, “neutral sites” are chromosomal loci where foreign
DNA can be integrated without disrupting metabolism or
cellular physiology. For example, pSyné is a widely used inte-
grative vector used for protein expression in Synechococcus
strains, which includes built-in homology arms for targeted
genome integration, while 51 putative neutral sites were iden-
tified in the Synechococcus 7002 genome.” Similarly, three
major chromosomal neutral sites (NS1, NS2, NS3) have been
established for the engineering of Synechococcus 7942.%> For
Anabaena 7120, several neutral sites have been used for inte-
grative vectors, while it was further engineered to carry the NS2
site of Synechococcus 7942 in its genome, allowing for heterol-
ogous expression of NPs such as cryptomaldamide (6) and
columbamide (7).'*2° Further exploration and characterization
of neutral sites in cyanobacterial chassis could enable multi-
plexed genetic engineering, paving the way for more sophisti-
cated synthetic biology applications in cyanobacteria,
particularly for the heterologous production of cyanobacterial
NPs.

Whether replicative or integrative expression, the next
fundamental step after selecting a plasmid is assembling
genetic parts within it for functional characterization. While
chemical DNA synthesis is economically feasible for relatively
short sequences (e.g., <10 kb), constructing larger fragments
still depends on enzymatic assembly methods."”® Several DNA
assembly techniques have been developed, building on tradi-
tional restriction digestion and ligation methods. Golden Gate
assembly uses type IIS restriction enzymes for seamless cloning,
while alternative strategies such as Gibson assembly and DNA
Assembler leverage different enzymatic mechanisms. For
manipulating larger BGCs, recombination-based methods like
lambda Red (A/Red) and Rac phage protein (RecET) in E. coli
have been widely utilized.*® Our recent work demonstrated the
application of Gibson assembly for cloning the APK (4) BGC,
while A/Red recombination was employed to enhance the effi-
ciency of promoter exchange (Fig. 2B).”* Additionally,
transformation-associated recombination (TAR) has been
utilized for assembling large constructs containing
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cyanobacterial BGCs in Saccharomyces cerevisiae, followed by
heterologous expression in cyanobacteria (Table 1).

Efficient heterologous expression can be hindered by the
presence of rare codons or limited tRNA availability, particularly
when expressing genes from distantly related species. Codon
optimization, which adjusts the nucleotide sequence to match
the codon usage preferences of the target host, is an effective
strategy for improving BGC expression. Indeed, codon optimi-
zation has been employed to produce indolactams (2, 3),"®* APK
(4, Fig. 2)* and tolypodiol (5)** in Anabaena 7120. Additionally,
the cloning of rare tRNA genes has been used to enhance NP
production, as demonstrated in the heterologous expression of
epothilone in Burkholderiales DSM 7029, where this strategy
significantly improved titers.* Though not yet explored in cya-
nobacteria, incorporating rare tRNAs could support the heter-
ologous production of a broader range of non-native
compounds.

Regardless of whether a BGC is cloned through DNA
synthesis or enzymatic assembly, its efficient delivery into
a cyanobacterial host is essential for successful heterologous
production. Many species require facilitated transformation
methods to introduce foreign DNA. Electroporation, commonly
used for Anabaena 7120, employs an electric field to temporarily
increase membrane permeability, allowing plasmid entry.
Alternatively, conjugation is an effective method for
transformation-resistant hosts like Synechococcus 2973 and
Anabaena 7120, relying on direct cell-to-cell contact for DNA
transfer. Most transformations require antibiotic resistance
markers for selection, raising concerns about the potential
release of resistance genes into the environment. To mitigate
this issue, markerless genetic engineering strategies are being
explored as an alternative. Recently, a two-plasmid CRE
recombinase system was developed for Synechocystis 6803,
enabling the generation of markerless mutants and providing
a more sustainable approach to genetic modification.>®

3.3 Host engineering to support heterologous production

Cyanobacteria offer a promising platform for sustainable bio-
production of bioactive cyanobacterial NPs. Metabolic engi-
neering of the cyanobacterial hosts can play a crucial role in
optimizing secondary metabolite production by enhancing
precursor availability, optimizing cofactor supply, and regu-
lating metabolic flux. These strategies focus on enriching target
pathways while minimizing competition from unwanted meta-
bolic routes, ensuring efficient biosynthesis. In cyanobacteria,
these strategies have been successfully applied to increase the
production of fatty acids, carbohydrates, and terpenoids.** More
recently, systems biology-driven metabolic engineering has
been explored to enhance secondary metabolite production for
industrial applications.®® However, the application of host
engineering and systems biology approaches to heterologous
expression of cyanobacterial NPs remains largely unexplored,
awaiting further development.

Genome-editing technologies such as CRISPR-Cas9 hold
immense potential for advancing cyanobacterial strain devel-
opment (Fig. 3C), enabling precise metabolic rewiring, multi-
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gene editing, and faster genetic segregation. However, high
Cas9 expression is toxic to cyanobacterial cells, posing a chal-
lenge for widespread adoption. To address this, a transient Cas9
expression system using the pCRISPomyces-2 vector was
employed to successfully knock out endogenous genes like nblA
in Synechococcus 2973.%* Compared to Cas9, Cpf1 (now known as
Cas12a) exhibits lower toxicity and has been adapted for
genome editing in fast-growing cyanobacteria such as Syn-
echococcus 2973 and S. elongatus PCC 11801.%* Notably, a single-
plasmid system (pSL2680) was designed, which carried Cpf1l
under the lac promoter and crRNA under the Pj,3,19 promoter,
along with homology arms for targeted gene editing. Similarly,
the CRISPR-Cpf1 system was utilized to integrate the Synecho-
coccus 7942, NS2 neutral site into the Anabaena PCC 7120
chromosome.” These advancements demonstrate the growing
potential of CRISPR-based genome editing in cyanobacteria
chassis, paving the way for more efficient heterologous
production of cyanobacterial NPs.

4. Conclusions and perspectives

Despite the vast diversity of BGCs revealed through meta-
genomic sequencing of cyanobacterial samples, many strains
remain unculturable due to unknown or highly specific growth
requirements.® Additionally, challenges associated with axenic
culture isolation and the lack of robust genetic tools hinder
both BGC characterization and the development of optimized
production strains. As a result, the discovery of cyanobacterial
NPs has largely relied on direct extraction from environmental
samples, which has inherent limitations. Heterologous expres-
sion provides a promising alternative, enabling the production
of cyanobacterial NPs in genetically tractable model hosts.

This highlight has outlined recent advances in synthetic
biology strategies for expressing cyanobacterial NPs in cyano-
bacterial hosts. While Anabaena PCC 7120 has demonstrated
success in heterologous NP production, high-yield biosynthesis
remains a challenge. As metagenomic sequencing efforts
rapidly expand, a wider range of BGCs should be explored
across different cyanobacterial chassis to enhance NP discovery.
The continued development of genetic and metabolic engi-
neering tools will be critical for optimizing cyanobacteria as
sustainable production platforms for synthesizing structurally
diverse cyanobacterial NPs.

Genome engineering tools, particularly CRISPR-Cas systems,
are expected to revolutionize cyanobacterial strain engineering,
enhancing the synthetic capability of chassis. Beyond conven-
tional gene knockout and integration, CRISPRi-dCas9 (a cata-
lytically inactive version of Cas9) has been explored for
transcriptional regulation in diverse cyanobacteria (Fig. 3C).*
However, a major bottleneck in CRISPR-based genome editing
is the dependence on host recombination machinery for DNA
insertion, leading to low efficiency and accuracy. A ground-
breaking approach to overcome this limitation is RNA-guided
transposition with CRISPR-associated transposases (CAST),
recently demonstrated in Anabaena PCC 7120.°® This system
precisely inserts genetic payloads 63 bases downstream of the
protospacer adjacent motif (PAM) without activating
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endogenous transposons, making it a powerful tool for genome
editing in both cultured and even complex cyanobacterial
communities.

Beyond genetic engineering, machine learning and deep
learning are emerging as transformative tools in synthetic
biology. These computational approaches have been success-
fully applied to gene expression optimization and metabolic
engineering, though their potential for cyanobacterial NP
heterologous production remains largely untapped. Addition-
ally, systems biology approaches are being increasingly utilized
to refine computational simulations, reducing the number of
wet-lab experiments required for robust genetic design. These
methods focus on two key aspects: (1) predicting global meta-
bolic flux distributions using genome-scale metabolic (GSM)
models, and (2) calculating mass balance of metabolites
through "*C-metabolic flux analysis (MFA). While GSM models
have been developed for a few cyanobacterial species and
successfully applied to chemical biosynthesis, recent advances
in isotopically nonstationary ">C MFA have enabled real-time
tracking of carbon flux in Synechococcus 7942 and 2973,%
providing deeper insights into carbon assimilation and
biochemical pathway regulation. Moreover, recent break-
throughs in massively parallel assays, biophysical modeling,
and Al-driven synthetic biology have significantly improved our
understanding of gene regulation and transcriptional control in
E. coli.*® Integrating these techniques with cyanobacterial
synthetic biology is expected to accelerate the rational design of
genetic parts, enabling more efficient metabolic engineering
strategies.

Overall, significant progress has been made in developing
synthetic biology approaches for cyanobacterial heterologous
expression, leading to the successful production of several
cyanobacterial NPs in engineered cyanobacterial hosts (Table 1
and Fig. 1). The application of emerging engineering strategies,
computational modeling, and machine learning will likely
enhance cyanobacterial chassis development, unlocking the full
potential of cyanobacteria for discovering new cyanobacterial
NPs directly from genomes and producing complex and
industrially relevant NPs.
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