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Drug resistance is a serious and growing problem, and new small molecules are needed for a wide variety of

clinical and agricultural applications. Natural products, encoded by biosynthetic gene clusters, have

consistently been a source of chemical diversity for finely tuned interactions with a range of molecular

targets of interest. However, many gene clusters are not transcriptionally active, making heterologous

expression in a different host strain a useful tool to access bioactive small molecules. Burkholderia spp.

bacteria hold promise as heterologous hosts because of their intrinsic natural product capabilities. In this

review, we summarize natural products successfully isolated from Burkholderia spp. heterologous hosts up

until 2024. We then compare the hosts that have been tested and discuss ongoing development efforts to

improve access to new natural products in titers sufficient for drug development and industrial applications.
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1. Introduction

New molecules with novel mechanisms of action are desper-
ately needed to counteract drug resistance. Natural products
have historically been a promising source of unique and diverse
chemical scaffolds, oen already tuned to interact with specic
molecular targets of interest.1 In the post-genomic era, natural
products research oen takes a DNA-rst approach of genome
sequencing and mining to identify biosynthetic gene clusters
(BGCs) that could give rise to new natural products. However,
many BGCs are transcriptionally inactive under standard labo-
ratory conditions, requiring strategies to activate BGCs and
enhance natural product discovery and development.2

Heterologous expression entails the cloning and expression
of DNA from a native producer strain into a suitable host strain.
Heterologous expression provides a shortcut to pathway modi-
cation, metabolic optimization and analogue generation, and
to potentially improving yields for accelerated structure eluci-
dation and bioactivity testing.3 Given the vast number of
bacterial sources of BGCs, access to host strains that are
phylogenetically close to the source organism along with
a robust set of synthetic biology tools is important. Though each
case is unique, heterologous expression is frequently more
successful when the BGC source is close to the taxonomic
classication of the host strain.3,4

The Burkholderiales order of bacteria are amongst the top10
most promising sources of natural products based on
sequenced genomes.5,6 Indeed, several therapeutically relevant
natural products are produced by Burkholderia spp. bacteria,
including antitumor agents rhizoxin, romidepsin and
thailanstatins/spliceostatins. Rhizoxin was originally isolated in
Nat. Prod. Rep.
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Fig. 1 Structure of C10–C10 3-(3-hydroxyalkanoyloxy)alkanoate
(HAA), a precursor to rhamnolipids, produced in Burkholderia glumae
BGR1.
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the mid-1980s from various strains of Rhizopus fungi7 before it
was discovered that endosymbiotic bacteria of the Burkholderia
genus (later renamed as a new genus, Mycetohabitans, of the
Burkholderiaceae family) were responsible for its production.8

As the causal agent of rice seedling blight, rhizoxin targets
tubulin, resulting in it entering human clinical trials.9 Romi-
depsin (FK228, Istodax®), rst discovered in extracts from
Chromobacterium violaceum in 1994, is a histone deacetylase
(HDAC) inhibitor approved for the treatment of T-cell
lymphomas.10–12 Related thailandepsins were later isolated
from Burkholderia thailandensis.13 B. thailandensis also produces
thailanstatins/spliceostatins,14 spliceosome inhibitors origi-
nally isolated from Burkholderia sp. FERM BP-3421 (previously
named Pseudomonas sp.) in 1996.15 Thailanstatin A was tested
pre-clinically as a payload for antibody drug conjugates.16 These
examples highlight the promise of Burkholderiales bacteria as
a source of novel therapeutics that remains underexplored.

This intrinsic natural product capacity is precisely why Bur-
kholderia spp. are arguably an excellent entry point for synthetic
biology applications. With an existing metabolic pool of
precursors for various biosynthetic classes of natural products
and the ability to harbor and express large autologous BGCs,
exploring heterologous production is feasible. This review aims
to summarize natural products successfully isolated from Bur-
kholderia spp. heterologous hosts up until 2024 (Fig. 1–7 and
ESI Table S1†), which was only briey reviewed previously.17 We
will also compare the host strains that have been tested (Fig. 8,
Tables 1 and 2) and discuss ongoing host development efforts to
improve access to new molecules in titers sufficient for drug
development and industrial applications. This review will not
tackle the use of Burkholderia hosts in other elds of research,
such as biopolymers,18–20 and biocontrol and
bioremediation.21–23 Readers interested in these topics are
directed to the cited references.
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The studies reviewed here were found using PubMed by
searching for any publications that used Burkholderia spp. as
a heterologous host for natural product production. Note that the
taxonomy of Burkholderiales bacteria has been revised over the
years. For example, some strains that are now known as Bur-
kholderia were previously named as Pseudomonas several decades
ago,24 and many strains previously named as Burkholderia were
recently reclassied to e.g., Paraburkholderia or Mycetohabi-
tans.25,26 In this review, we have only included hosts that are
currently classied as Burkholderia. Readers interested in more
diverse microbial hosts are directed to other reviews.27–32

2. Natural products obtained by
heterologous expression using
Burkholderia hosts
2.1. Rhamnolipid precursors

Rhamnolipids are glycolipids that act as biosurfactants and are
appealing as a sustainable, biodegradable and low toxicity
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alternative to current surfactants. Many native rhamnolipid
producer strains are pathogenic to either humans or plants, and
their production is tightly regulated, making heterologous
expression an attractive strategy for downstream engineering.33

The rst step of rhamnolipid biosynthesis is catalyzed by RhlA,
which esteries two units of 3-hydroxyfatty acids of variable
chain length to form a di-lipid, 3-(3-hydroxyalkanoyloxy)alka-
noate (HAA). Later steps then attach either one or two rhamnose
units via RhlB and/or RhlC.34 The wild-type Pseudomonas aeru-
ginosa PA14 produces predominantly C10–C10 HAA (1) (Fig. 1),
while the wild-type Burkholderia glumae BGR1 makes mostly
C12–C12 and C14–C14 HAAs. Dulcey and colleagues deleted the
native rhlA gene from the B. glumae BGR1 host and expressed
the rhlA/rhlB operon from P. aeruginosa on a pBBR1-based
construct under the P. aeruginosa promoter PrhlA. While the
titer of the products aer growth in nutrient broth supple-
mented with mannitol was not quantied, the relative titer of 3-
hydroxyfatty acids were comparable to the native producer, and
the distribution of products was successfully shied from
longer-to shorter-chain HAAs.35 Of note, heterologous produc-
tion succeeded using DNA sourced from a Gammaproteobacte-
rium (Pseudomonas) in a Betaproteobacteria (Burkholderia) host.
2.2. Ribosomally synthesized and post-translationally
modied peptides (RiPPs)

Most ribosomally synthesized and post-translationally modied
peptides (RiPPs) that have been produced in a Burkholderia host
are lasso peptides. The lasso peptide name derives from their
lariat topology of an isopeptide-bonded macrolactam ring
through which the C-terminal residues are threaded and held in
place either by steric side chain interactions or disulde
bridges.36,37 These unique peptides have garnered substantial
interest due to their thermal and proteolytic stability, promising
bioactivities, and amenability to structure modications.36,37

Lasso peptide BGCs are small, requiring as few as three genes,
making them conveniently sized for DNA synthesis and
expression in heterologous hosts.

The rst lasso peptide isolated from a Burkholderia strain,
aided by genome mining, was the antibiotic and RNA poly-
merase inhibitor capistruin (2) in 2008 (Fig. 2).38,39 Originating
in B. thailandensis E264, autologous expression and isolation
was successful, but the authors also produced capistruin
heterologously in E. coli. However, compound titers were low at
only about 0.2 mg L−1 using a dened medium, and the
maximum titer of capistruin ever reported via an E. coli host was
1.6 mg L−1.38,40 Kunakom & Eustáquio sought to express the
capistruin BGC in a more closely related host, selecting the
industrial strain Burkholderia sp. FERM BP-3421, which had
already proven to be a natural product powerhouse by reaching
up to 2.5 g L−1 of autologous thailanstatin A production aer
culture media optimization and pathway engineering.41 A low-
copy pRO1600 replicon and L-arabinose induction using the
araC/PBAD system led to successful production of capistruin in
FERM BP-3421, but yields were only 1 mg L−1 in M20 dened
media and rose to only 3.2 mg L−1 in 2S4G complex media.42

The authors reasoned that the production of spliceostatin
This journal is © The Royal Society of Chemistry 2025
congeners (such as thailanstatin A) in g L−1 yields was likely
disrupting the genetic and metabolic ux of the expression
platform. Using a previously generated strain of FERM BP-3421
decient in spliceostatins (Dfr9DEF::tet),43 capistruin produc-
tion was improved in complex media to 13 mg L−1.42 Intrigu-
ingly, an outlier clone of the wild-type parent was also isolated
that reached 116 mg L−1.42 The large but variable improvement
generated questions regarding the mechanisms that might
explain the differences between clones.

It was observed that the outlier capistruin overproducer
clone had increased plasmid copy number via an as of yet
unknown mechanism.42 To reverse engineer high capistruin
production, Fernandez and colleagues interrogated the effect of
plasmid copy number. The highest recorded titers of capistruin
were achieved by expressing a high-copy pBBR1 construct con-
taining the araC/PBAD system in the spliceostatin decient
FERM BP-3421 strain (Dfr9DEF::tet) grown in 2S4G complex
media, reaching 240 mg L−1.44 However, the bacterium dis-
played a growth defect that was only alleviated at the expense of
capistruin production when a point mutation (nucleotide
G468A, residue G159S) was introduced to reduce the plasmid
copy number.44,45 This work further succeeded in isolating two
new lasso peptides predicted in the genome of Mycetohabitans
sp. B13 by expressing the synthetic BGC in FERM BP-3421
Dfr9DEF::tet. In contrast to capistruin above, optimal yields
were obtained using an expression vector containing a pBBR1
replicon with the G159S mutation. Mycetolassin-15 (3) and −18
(4) were isolated at 6 mg L−1 and 5 mg L−1, respectively, in 2S4G
medium (Fig. 2). No antimicrobial activity was detected, and the
activity of mycetolassins remains unknown.44

Meanwhile, in their continued efforts to improve B. sp.
FERM BP-3421 as a heterologous host, Adaikpoh and colleagues
sought to determine the driving forces of autologous spliceos-
tatin production. They discovered a pathway-specic tran-
scriptional activator, fr9A, and a promoter, Pfr9C, that drive
expression of the core polyketide synthase-nonribosomal
peptide synthetase (PKS-NRPS) genes. Expressing the cap-
istruin BGC in a new spliceostatin defective mutant strain
(Dfr9A) using a high-copy number, pBBR1-based plasmid and
the L-arabinose-inducible araC/PBAD system generated
112 mg L−1.46 Moreover, the authors tested a new Fr9A-
regulated expression system (ORF-1–fr9A/Pfr9C) which
produced about 65 mg L−1 of capistruin in the same growth
medium, indicating that the araC/PBAD system is superior to
ORF-1–fr9A/Pfr9C at least for lasso peptide production.

Mycetohabitans spp. (previously Burkholderia/Para-
burkholderia) are endophytes of Rhizopus fungi and thus have
been investigated for specialized metabolite production with an
eye to understanding this interkingdom interaction. Mycetoha-
bitans rhizoxinica contains several cryptic BGCs, and expression
of the burhizin-23 BGC in E. coli originally led to a truncated
burhizin-17 product in unquantiable yields presumably less
than 0.4 mg L−1, even aer ribosome binding site (RBS) opti-
mization.47 In 2020, Bratovanov and colleagues sought the full
length burhizin product, choosing the more closely related
Burkholderia gladioli pv agaricicola HKI0676 as a host. Using
a pBBR1-based construct and araC/PBAD, 1 mg L−1 of burhizin-
Nat. Prod. Rep.
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Fig. 2 Structures of the ribosomally synthesized and post-translationally modified peptides (RiPPs) produced in Burkholderia sp. FERM BP-3421
Dfr9DEF::tet (2, 3, 4, and 6) and in Burkholderia gladioli pv agaricicola HKI0676 (5).
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23 (5) was obtained aer culturing in M20 dened media
(Fig. 2). This was increased to 6 mg L−1 burhizin-23 when the
point mutation D21N was applied to interrogate if the
conserved, negatively charged tail residues were crucial for
streamlined biosynthesis.48 It was ultimately determined that
burhizin-23 and other RiPPs are not required for M. rhizoxinica
colonization of Rhizopus microsporus, though an evolutionary
benet could not be ruled out.

More recently in 2024, a new type of RiPP was characterized
by expressing a BGC from B. thailandensis E264 in B. sp. FERM
BP-3421. The van der Donk group selected the aminopyruvatide
BGC (apy), which encoded three metalloenzymes including
a class-dening multinuclear non-heme iron-dependent oxida-
tive enzyme.49 Though the nal natural product is not yet known
because there was no colocalized pathway-specic protease, the
generic endoproteinase GluC was used on the heterologously
expressed precursor ApyA to determine modications to the ve
C-terminal residues (6) (Fig. 2). Notably, only two tailoring
enzymes were successfully expressed in E. coli, with the
remaining three necessitating the use of the FERMBP-3421 host
to preserve enzymatic function.49 For gene expression in the
Burkholderia sp. FERM BP-3421 host, a L-rhamnose inducible
promoter and pBBR1-based plasmid were used.
Nat. Prod. Rep.
2.3. Polyynes

Bacterial polyynes are natural products with alternating single
and triple C–C bonds. Despite their high reactivity, polyynes
may be valuable biotechnological tools.50 Cepacin A (7) was rst
isolated in 1984 from Burkholderia cepacia (previously Pseudo-
monas cepacia),51 while caryoynencin (8) was found in extracts
from Burkholderia caryophylli (previously Pseudomonas car-
yophylli) in 1987.52 In 2022, Petrova and colleagues undertook
the heterologous expression of these polyyne BGCs in Bur-
kholderia and Paraburkholderia spp. hosts.53 Using the native
promoters and a pBBR1 replicon, the cepacin A BGC from
Burkholderia ambifaria BCC0191 was successfully expressed in
B. ambifaria BCC1105, while the caryoynencin BGC from Bur-
kholderia gladioli BCC1697 was transferred to both B. ambifaria
BCC0191 and B. ambifaria BCC1105. Due to the intrinsic
instability of the polyyne structures (Fig. 3), no quantication of
products was possible; however, relative cepacin A titers were
lower than the native producer in both a metabolite induction
medium and a biomimetic pea exudate medium, whereas
relative caryoynencin titers were lower than the native producer
in the metabolite induction medium but higher than the native
producer in the biomimetic medium.53
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Structures of the polyynes produced in B. ambifaria BCC1105
(7, 8) and in B. ambifaria BCC0191 (8).
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2.4. Polyketides (PKs)

Very few unique polyketides (PKs) have been produced in
heterologous Burkholderia systems, with the notable exception
of glutarimide-containing gladiofungins A, C and D-H. The rst
members of this family of trans-AT butanolide PKs were isolated
from B. gladioliHK10739, a symbiont of the Lagria villosa beetle,
in 2020 and found to be potent antifungals against both asco-
mycete and basidiomycete fungi representatives.54 Chen and
colleagues reported the isolation of ve novel gladiofungins (D-
H) (9–13) and two known ones (A and C) in 2023 via heterolo-
gous expression of the BGC from B. gladioli ATCC 10248 in B.
thailandensis E264 (Fig. 4).55 The E264 host strain had the efflux
pump oprC replaced with a Streptomyces phage fC31 attB inte-
gration site for stable chromosomal localization and expression
of larger BGCs.56 The expression plasmid contained
Fig. 4 Structures of the polyketide (PK) gladiofungins produced in B.
thailandensis E264 DoprC::attB.

This journal is © The Royal Society of Chemistry 2025
a corresponding fC31 attP site and integrase gene, a bacterial
articial chromosome (BAC) replicon functional in E. coli, and
a constitutive Pgenta promoter. Once again, product titers were
not quantied, but it was noted that gladiofungin D-H levels
were higher in the engineered E264 host than in another host
tested (Schlegelella brevitalea DSM 7029, now Caldimonas bre-
vitalea57) when both were cultured in CYMG complex media.55

2.5. Nonribosomal peptides (NRPs)

Like PK gene clusters, nonribosomal peptide (NRP) clusters are
oen large and repetitive, making traditional cloning strategies
difficult. For this reason, many researchers opt to use BAC
vectors for maintenance in E. coli and to integrate heterologous
BGCs into the genome of the new host instead of relying on self-
replicating vectors. For example, the Bian group aimed to
develop B. gladioli ATCC 10248 into a synthetic biology chassis
by replacing the native gladiolin BGC (gbn) with an fC31 attB
integration site. The modied host B. gladioli Dgbn::attB was
then used for the production of three previously known types of
lipopeptide NRPs, rhizomide A (14) and C8-rhizomide A (15),
holrhizin A (16), and WAP-8294A1, A2 and A4 (17–19) (Fig. 5).58

The cyclic rhizomides were rst isolated in 2018 by in situ
promoter replacement in M. rhizoxinica HKI 454.59 For heter-
ologous expression, the native rhizomide BGC was cloned
under the constitutive Ptn5-km promoter in a fC31 integrative
vector with a p15A E. coli replicon.58 The cloned BGC contained
a R149Amutation in the starter condensation domain,60 leading
to the production of both rhizomide A (14) and C8-rhizomide A
(15) in M9 minimal media.58 Holrhizin A (16), a linear lip-
opeptide surfactant, also derives from M. rhizoxinica HKI 454
and plays an important role in the colonization process of
Rhizopus fungi by Mycetohabitans endosymbionts.61 The same
construct backbone and production medium as for rhizomide A
were used. Products 14–16 were detected but not quantied.58

The WAP-8294A series of macrocyclic antibiotics are effective
against methicillin-resistant Staphylococcus aureus, as noted upon
their discovery in 1998.62 Originally isolated from Lysobacter sp.
WAP-8294, the BGC responsible for their expression is also found
in Lysobacter enzymogenes Yc36, from where it was cloned. The
expression strategy involved several different promoters. Notably,
host choice was crucial for the detection of WAP-8294A1, A2 and
A4 (17–19), as no products were observed in B. thailandensis E264
or C. brevitalea DSM 7029, both established Burkholderiales
hosts.58 This could be due to the Gammaproteobacterial source of
the BGC. The presence of WAP-8294As was also dependent on
growth medium, since a complex GBS broth had to be used.
Promoters were modied iteratively to optimize titers, and the
highest relative titers were obtained when ORF5 was under PApra
and ORF3 was under Pgbn. In addition, two acyl-CoA ligases were
overexpressed under the Ptn5-km promoter and the pBBR1 replicon
to increase relativeWAP-8294As titers further, though no absolute
quantication was performed.58

2.6. Polyketide-nonribosomal peptides (PK-NRPs)

The Bian group also expressed hybrid polyketide-nonribosomal
peptides (PK-NRPs) as reported in 2023, including previously
Nat. Prod. Rep.
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Fig. 5 Structures of the nonribosomal peptides (NRPs) produced in B. gladioli ATCC 10248 Dgbn::attB.
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known thailandamide A (20), glidobactin A (21), luminmycin E
(22), rhizoxins (23, 24, 28, and 29), and disorazol F2 (30), in their
engineered B. gladioli Dgbn::attB heterologous host using M9
minimal medium (Fig. 6).58 All of the explored BGCs derived from
Betaproteobacteria except for the disorazol gene cluster, which is
of myxobacterial origin. It should also be noted that of these
compounds, glidobactin A and luminmycin E are derived from
a cis-AT PKS-NRPS assembly line, whereas thailandamide A, rhi-
zoxins, and disorazol F2 are encoded by trans-AT PKS-NRPSs.

The antibiotic thailandamide A (20) was rst reported in 2008
from B. thailandensis E264 during a study of trans-AT PKS-NRPS
pathway evolution by the Piel group.63 It inhibits fatty acid
biosynthesis in both Gram-positive and Gram-negative bacteria.64

The thailandamide A BGC was successfully expressed in the B.
gladioli Dgbn::attB host using a fC31 integrative BAC vector and
the constitutive Ptn5-km promoter, which was notably unsuccessful
in the alternative host C. brevitalea DSM 7029.58

Glidobactin A (21), an antitumor natural product that also
shows broad antifungal activity, was reported in 1988 from
extracts of C. brevitalea DSM 7029 (previously Polyangium bra-
chysporum).65 A linear congener, luminmycin E (22), discovered
in 2014, had already been heterologously produced in E. coli
Nissle.66 Both 21 and 22 were produced with transcription
driven from a Ptet promoter.58

Rhizoxins are a class of phytotoxins originally reported from
Rhizopus chinensis in 1984,7 and the family was later expanded
with the discovery of the WF-1360 complex of antitumor anti-
biotics, derived from Rhizopus sp. No. F-1360.67 As mentioned in
Nat. Prod. Rep.
the Introduction, the true rhizoxin producers are endophytic
Mycetohabitans spp. bacteria.8,68 Rhizoxins M1 (23), M2 (24), WF-
1360B (28) and WF-1360F (29) were detected aer heterologous
expression of the corresponding BGC from M. rhizoxinica HKI
454 using the native promoters.58

Disorazol F2 (30) is a potent antitumor natural product re-
ported in 1994.69 The disorazol BGC from the myxobacterium
Sorangium cellulosum So ce12 (Myxococcota phylum) was
expressed using a Ptet promoter.58,70 Nonetheless, expression in
B. gladioli Dgbn::attB (Pseudomonadota phylum) was fruitful.
Heterologous titers of 20–24 and 28–30 were not reported
(Fig. 6).58

Rhizoxins and disorazols have also been isolated from an
engineered strain of B. thailandensis E264 that lacks three key
efflux transporters (DBAC::attB) to render it susceptible to
several antibiotics for synthetic biology purposes. The minimal
disorazol BGC was cloned from its native S. cellulosum So ce12
into a construct containing a p15A replicon and likewise
allowing for fC31 integration into the host genome. The
highest titers of disorazol F2 (30) (38.3 mg L−1) were obtained in
M9 minimal media aer replacement of all four promoters
driving disABCD expression with stronger host elements.56

Though its production was not quantied, Wang and colleagues
also endeavored to express the rhizoxin and shuangdaolide
BGCs in the engineered E264 host; the former was successful,
with masses corresponding to rhizoxins M1, M2, Z1, Z2 and/or
S2 (23–27), while no peak corresponding to shuangdaolide
could be detected.56 This was likely due to the increasing
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Structures of the hybrid polyketide-nonribosomal peptides (PK-NRPs) produced in B. gladioli ATCC 10248 Dgbn::attB (20, 21, 22, 23, 24,
28, 29, 30), B. thailandensis E264 DBAC::attB (23, 24, 25, 26, 27, 30, 31, 32, 33) and B. thailandensis E264 Dtdp::attB (aka KOGC1) (34, 35, 36).
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phylogenetic differences between the shuangdaolide source,
Streptomyces sp. B59 (Actinomycetota phylum), and the Bur-
kholderia host (Pseudomonadota phylum).
This journal is © The Royal Society of Chemistry 2025
In a follow-up paper, the disorazol-producing B. thailandensis
E264 DBAC::attB mutant was further engineered via domain
inactivation and module deletion to generate new-to-nature
Nat. Prod. Rep.
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disorazols F4, F5 and F6 (31–33) with variable tailoring and mac-
rocycle sizes (Fig. 6). The highest titers of disorazol F6
(17.1 mg L−1) were achieved when PKS module 6 was deleted at
both anking acyl carrier protein-ketosynthase linkers (DM6C).
Disorazols F4 (dehydratase DH1 inactivation) and F5 (DH7 inac-
tivation) reached 0.65 mg L−1 and 5.15 mg L−1, respectively.71

Perhaps the most famous Burkholderia-encoded PK-NRP is
romidepsin (FK228) (34),10 approved and marketed as Istodax® in
2011 for the treatment of peripheral and cutaneous T-cell
lymphomas (Fig. 6).72,73 Current industrial supply is provided by
the native producer C. violaceumNo. 968 (Betaproteobacteria class,
Neisseriales order) with titer estimates approximating 19 mg L−1,
though proprietary industrial titers may be higher. In 2018, a new
source was found in B. thailandensis MSMB43. Titers of romi-
depsin from this source peaked at 168.5mg L−1 aer optimization
by fed-batch fermentation, use of M8 dened medium, and
recombinant expression of the thailandepsin regulator tdpR from
B. thailandensis E264 under the IPTG-inducible Plac promoter
using a pBBR1 replicon.74 New romidepsin derivatives were iso-
lated in signicant titers in 2023 following heterologous produc-
tion of a hybrid combinatorial BGC in B. thailandensis E264
Dtdp::attB (aka KOGC1). The wild-type strain was modied by
replacing the autologous thailandepsin BGC (tdp) with an fC31
attB site. Synthetic BGCs were prepared by recombineering
modules of the romidepsin and thailandepsin BGCs derived from
C. violaceumNo. 968 and B. thailandensis E264, respectively, before
introduction to the KOGC1 host.75 It was this strain that showed
the highest reported titer of romidepsin to date, at 581 mg L−1 in
M9 minimal media. Additional engineering provided six new-to-
nature derivatives, two of which, FK228 C (35) and D (36),
reached up to 985 and 453 mg L−1, respectively, and displayed
stronger cytotoxicity than the parent compound.75
2.7. Polyketide-nonribosomal peptide-polyunsaturated fatty
acids (PK-NRP-PUFAs)

The nal case study we present is that of the discovery of
megapolipeptins A (37) and B (38), unique hybrid molecules
Fig. 7 Structures of the hybrid polyketide-nonribosomal peptide-polyu
FERM BP-3421 Dfr9A.

Nat. Prod. Rep.
that are part PK-NRP and part polyunsaturated fatty acid (PUFA)
reported in 2024 (Fig. 7). The orphan BGC was found in the
genomes of Paraburkholderia megapolitana strains but appeared
to be silent under laboratory conditions, and previous work led
to the hypothesis that yields would be low even if the cluster
could be activated.76,77 Therefore, the mgp BGC was cloned from
P. megapolitana RL18-039-BIC-B,77 using a CRISPR-Cas9
strategy78 into a BAC vector under araC/PBAD control and
transferred into a spliceostatin decient strain of B. sp. FERM
BP-3421 (Dfr9A) for integration via Pseudomonas phage fCTX
attB.79 When the strain was grown in complex 2S4G media, 0.6
and 1.5 mg L−1 were obtained for megapolipeptins A and B,
respectively. No antimicrobial activity was detected and the
bioactivity of megapolipeptins remains to be identied.77
3. Comparison of Burkholderia hosts
and their development

Based on large-scale studies that tested the expression of tens of
BGCs, the success rate of heterologous expression only reaches
up to ∼30% when using one host.3,80–83 The choice of host can
impact success. Although exceptions exist, it has been shown
that, in general, the greater the DNA sequence identity between
source strain and host, the higher the success rate in terms of
the amount and number of products detected.4 Thus, to
discover Burkholderiales natural products via heterologous
expression, Burkholderia hosts are advantageous. In choosing
Burkholderia hosts (Table 1), several factors need to be consid-
ered, including genetic tractability, the availability of genetic
tools such as vectors and gene “parts” for BGC refactoring (e.g.,
promoters), and lack of virulence. Virulence is of particular
concern in this case because some Burkholderia species are
known to be pathogenic to humans and other animals (e.g.,
Burkholderia mallei/pseudomallei, and B. cepacia complex)84–89 or
to plants and mushrooms (B. glumae, B. gladioli).90–96 Another
factor is the host's intrinsic genetic and metabolic abilities to
maintain and express large and/or complex BGCs which can be
nsaturated fatty acids (PK-NRP-PUFAs) produced in Burkholderia sp.

This journal is © The Royal Society of Chemistry 2025
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predicted from autologous BGCs and known natural products
(Table 2).

The proposed development continuum of heterologous
hosts described by de Lorenzo and colleagues starts with
recombinant DNA (rDNA) hosts, moving to synthetic biology
(SynBio) chassis and arriving at standardized SynBio chassis
(Fig. 8).97 Here we will discuss where along this roadmap each of
the six current hosts falls, what criteria they have already met,
and what the future of Burkholderia chassis development should
prioritize. It should be noted that in line with the “one host does
not t all”mindset, there may be different expression platforms
that better support certain natural product classes or BGC
sources, and we hope to provide clarity on what is currently
known about each strain's unique qualications.
3.1. Comparison of Burkholderia hosts to other common
hosts

There are many hosts, both prokaryotic and eukaryotic, that
have been used for the heterologous expression of a wide variety
of molecules of interest.32 For bacterial natural product
discovery, the most prevalent host strains are gram-negative E.
coli and gram-positive Streptomyces spp., though another
notable gram-negative host is Pseudomonas putida.31,32

Though there are several advantages to using E. coli as a host,
namely its rapid growth rate, wealth of available genetic tools,
and existing metabolic models,29 it also has limitations that are
not yet fully understood. For example, despite the tendency to
use E. coli for heterologous expression of lasso peptides
regardless of the source taxa,3 Burkholderia sp. FERM BP-3421 is
a better host for at least some Burkholderiales RiPP BGCs,
reecting the close phylogenetic relationship between source
DNA and host (Table 1 and ESI Table S1†).44 P. putida is another
g-Proteobacterium that has seen signicant investment in
development for the production of industrially relevant chem-
icals as well as natural products.98,99 Of note, P. putida displays
a natural tolerance for stress,100 and it has been engineered for
improved endurance101 and genome streamlining.31 Although
we are not aware of any side by side comparisons between
Burkholderia hosts and P. putida, the latter may serve as inspi-
ration for the further development of Burkholderia hosts.

The use of Streptomyces spp. hosts for natural product
discovery is oen dictated by the abundance of natural product
Fig. 8 Schematic of host development timeline and stages (adapted fr
horizontal gene transfer. GRAS, generally regarded as safe, as defined b
European Food Safety Authority. ERA, environmental risk assessment.

This journal is © The Royal Society of Chemistry 2025
BGCs in members of this well-studied group. Indeed, the
Streptomycetales order is the most biosynthetically diverse,
with Burkholderiales following in third place based on available
genomes.5 Because of their prolic arsenals, signicant effort
has optimized Streptomyces spp. hosts and they have been
widely applied.102–104 In comparison, Burkholderia hosts are in
their developmental infancy, but some (i.e. B. sp. FERM BP-3421
and B. thailandensis E264) have shown signicant promise for
high yield production of drug leads.41,75
3.2. Burkholderia host development status

3.2.1. rDNA host requirements. The requirements for rDNA
hosts are exogenous DNA uptake, no virulence, and genetic
tools (Fig. 8).97 Electroporation and conjugation from E. coli are
two common methods of DNA transfer into Pseudomonadota
(previously Proteobacteria). For the hosts described here,
conjugation from various E. coli strains seems to be the
preferred method for DNA transfer into Burkholderia as it helps
bypass the host's innate restriction-modication systems and
enable the transfer of large plasmids.53,55,56,58,71,77 Moreover,
electroporation protocols have been reported for B. gladioli
ATCC 10248,58B. thailandensis E264,75 and B. sp FERM BP-
3421,42 though plasmid size oen limits success. Finally, for B.
sp. FERM BP-3421, DNA transfer efficiency was improved by
identifying restriction-modication systems and harnessing the
host's DNA methyltransferases in a mimicry-by-methylation
strategy.105

Regarding virulence, B. thailandensis is a low virulence
species oen used as a model for the B. pseudomallei human
pathogen to which it is closely related.106 B. thailandensis is
rarely pathogenic to humans or animals;107 however, infections
in humans with strains identied as B. thailandensis have been
documented.108–111 B. glumae BGR1 is pathogenic to rice plants
and other crops causing grain and seedling rot.90–93 B. gladioli is
also a plant pathogen,94,95 but it is isolated less frequently than
B. glumae.93 B. gladioli pv agaricicola primarily infects mush-
rooms.96 B. ambifaria belongs to the B. cepacia complex that
includes opportunistic human pathogens but also some
biocontrol strains.86–88 B. ambifaria BCC0191 was used
commercially in the USA as a biopesticide but was later with-
drawn due to safety concerns.89 B. sp. FERM BP-3421 (ref. 105) is
closely related to Burkholderia rinojensis A396 which has been
om ref. 97). rDNA, recombinant DNA. SynBio, synthetic biology. HGT,
y the US FDA. QPS, qualified presumption of safety, as defined by the
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investigated as a biocontrol agent effective against plant, insect
and mite pests112 and as a herbicide. The herbicidal activity is in
part due to romidepsin production.113 Although the plant
pathogenicity or biocontrol potential of B. sp. FERM BP-3421 is
unknown, this strain does not grow at 37 °C (permissive growth
temperature up to 35 °C),15 which reduces the potential patho-
genicity to humans.

In terms of genetic tools, replicative vectors based on the
broad host range pBBR1 replicon are the most popular to
express smaller BGCs such as those encoding RiPPs and poly-
ynes.35,44,46,48,49,53 Moreover, a study from Fernandez and
colleagues probed the effect of plasmid copy number on
bacterial growth and lasso peptide production using the FERM
BP-3421 host. They showed that reducing the copy number of
the pBBR1 replicon via a point mutation alleviates a growth
defect and can impact product titers.44 In contrast, integrative
vectors were frequently used for larger assembly line BGCs
(Table 1 and ESI Table S1†). Site-specic integration was based
either on int/attP of Streptomyces phage fC31 aer introduction
of the corresponding attB site in the genome of the
host55,56,58,71,75 or int/attP of Pseudomonas phage fCTX79 without
host modication.77

Native BGC promoters were used only in a few
instances.35,53,56,75 Mostly, BGCs were modied to contain either
constitutive55,58 or inducible promoters.42,44,46,48,49,77 Three
studies compared natural product titers using different
promoters. Adaikpoh and colleagues showed that the L-arabi-
nose inducible araC/PBAD system outperformed the native
spliceostatin BGC promoter Pfr9C, whereas Pfr9C outperformed
the native PS7 ribosomal protein promoter for RiPP capistruin
production in B. sp. FERM BP-3421.46 Bai and colleagues
compared the ability of different promoters to drive the tran-
scription of the waps genes and observed the highest titers of
WAP-8294As (17–19) when the combination PApra-ORF5-Pgbn-
ORF3 was used, where PApra is a constitutive promoter from an
apramycin resistance gene and Pgbn is an autologous promoter
from the gladiolin BGC.58 Wang and colleagues compared six
native promoters for PK-NRP disorazol F2 production, identi-
fying P46 from a DUF4148 domain-containing protein as
resulting in the highest titers.56

For a detailed report on the synthetic biology tools available
for engineering Burkholderia spp., see the review by Adaikpoh
and colleagues.17 For a comprehensive look at cloning tech-
niques for any host, see the review by Seshadri and colleagues.32

3.2.2. SynBio chassis progress. All strains meet the rst
requirement for a SynBio chassis for having their genomes
sequenced (Fig. 8 and Table 2), though the genome of B. gladioli
pv agaricicola HKI0676 was not publicly available at the time of
writing.89,105,106,114–116 In terms of genome editing, no modica-
tions were made to B. ambifaria53 and B. gladioli pv agaricicola
HKI0676,48 and the only modication made to B. glumae BGR1
was deletion of its autologous copy of rhlA to support the
production of rhamnolipid precursors (1).35 In contrast, three
Burkholderia spp. hosts have undergone some level of general-
izable genome optimization, placing them more rmly on the
roadmap of SynBio chassis development, B. thailandensis E264,
B. gladioli ATCC 10248, and B. sp. FERM BP-3421. These three
Nat. Prod. Rep.
host strains have also been shown to successfully produce more
than one biosynthetic class of natural product, some from
diverse source taxa (Table 1). B. gladioli ATCC 10248 was only
tested with known NRPs and PK-NRPs thus far, whereas B.
thailandensis E264 was used to produce known and new
analogues of PKs and PK-NRPs, and B. sp. FERM BP-3421 was
used to produce known and new RiPPs and new PK-NRP-PUFAs
(Table 1).

B. thailandensis E264 contains several autologous BGCs of
interest and is therefore oen used as the source for natural
product discovery (Table 2). As a host, some key mutations have
been made to this strain that have enabled its success. First, the
autologous thailandepsin BGC was deleted and replaced with
a fC31 attB integration site to support site-specic integration
of heterologous constructs (strain KOGC1). The introduction of
recombineered hybrid BGCs (thailandepsin and romidepsin)
from two different bacterial sources into KOGC1 enabled the
production of up to 581 mg L−1 romidepsin (FK228, 34), the
best titer reported to date, and up to 985 mg L−1 of FK228 C
(35).75 It is important to note though that thailandepsins and
romidepsin are structurally related, so the host was heterolo-
gously making something very similar to its autologous prod-
ucts, possibly explaining the high titers.

Another strategy for B. thailandensis E264 development has
involved sequential deletion of efflux transporters to make it
more sensitive to some antibiotics, facilitating further engi-
neering. For example, the efflux mutant DoprC::attB was able to
aid in the discovery of new gladiofungins D-H (9–13),55 while the
triple efflux mutant DBAC::attB enabled both improved yield of
disorazol F2 (30)56 and engineering of new disorazols (31–33).71

This disorazol work is notable for its success in generating
myxobacterial products in a Burkholderia host. These advances
make it clear that B. thailandensis E264 is well on its way to
SynBio chassis development. One concern is with regards to the
low (but not completely absent) virulence of this strain to
humans and animals (LD50 of E264 in mice has been reported
as 3 × 107 colony forming units) which would need to be
addressed by e.g., identifying and removing virulence factors
such as malleilactone.117–120

B. gladioli ATCC 10248 has been minimally modied but
widely tested for natural product production. Bai and colleagues
replaced the gladiolin BGC with an fC31 attB integration site,
allowing them to produce 14 compounds (6 lipopeptide NRPs
and 8 hybrid PK-NRPs) in this host.58 While none of these were
new molecules and no titers were quantied, their BGCs came
from a range of Beta- and Gammaproteobacterial and myx-
obacterial sources, highlighting the versatility of their host.
Thus, B. gladioli Dgbn::attB shows promise in its ongoing
synthetic biology development. However, its plant pathogenicity
would need to be addressed (Table 1).

Burkholderia sp. FERM BP-3421 has been the subject of
iterative and ongoing engineering aimed at facilitating its use
by improving DNA transfer efficiency105 and product
titers.42,44,46,77 The wild-type strain produces up to 6 g L−1 of
autologous spliceostatin congeners, and deletion of the corre-
sponding PKS-NRPS core machinery by replacement with
a tetracycline-selectable marker (Dfr9DEF::tetmutant) improved
This journal is © The Royal Society of Chemistry 2025
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yields of heterologous capistruin (2) 4-fold in complex
media.42,43 Follow-up work generated two more spliceostatin
decient strains, mutants Dfr9A andDPfr9C. Although capistruin
levels were not better than those previously reported, these are
markerless strains, facilitating their use as hosts.46 The Dfr9A
mutant was then used for heterologous expression of an orphan
BGC from P. megapolitana resulting in the discovery of mega-
polipeptins 37 and 38.77 Although megapolipeptins isolated
titers were modest at 2.1 mg L−1 combined, the heterologous
platform enabled the discovery of natural products from an
otherwise silent BGC. FERM BP-3421 has also been used to
produce known capistruin at up to 240 mg L−1 and to discover
new RiPPs mycetolassins 3 and 4,44 and the aminopyruvatides
(6) (ESI Table S1†).49 This strain has only been reported to
express Betaproteobacterial BGCs to date but studies are
ongoing to test other sources. The plant pathogenicity or
biocontrol potential of FERM BP-3421 has not been explored,
but the inability of this strain to grow at 37 °C reduces the
chance of pathogenicity to humans.
3.3. Outlook on development, challenges and opportunities

From the six hosts discussed above, only three strains, B. thai-
landensis E264, B. gladioli ATCC 10248, and B. sp. FERM BP-
3421, advanced to generalizable genome editing to either
facilitate construct integration, improve antibiotic sensitivity or
improve product titers. A side-by-side empirical comparison of
these three hosts in terms of success rate and product titers
using the same BGCs would be helpful in exposing their
strengths and weaknesses.

None of the currently available Burkholderia spp. hosts have
yet reached the status of a bona-de, SynBio chassis or a stan-
dardized SynBio chassis en route to regulatory approval as
a synthetic biology agent (Fig. 8).97 In addition to further
genome and tool development, a SynBio chassis would still
require knowledge regarding stability and durability (robust-
ness), global energy metabolism, antibiotic and phage sensi-
tivity, and stress resistance mechanisms.

Resilience in the environment relies on population diversity.
Genotypic and phenotypic heterogeneity within clonal pop-
ulations can serve either as a division of labor or as a bet-
hedging strategy to increase the chance of survival following
environmental changes.137,138 For example, in B. thailandensis
E264 it has been shown that a reversible, RecA-mediated
recombination of homologous insertion sequences results in
the amplication of 157 genes. A single copy of the DNA region
is preferred during planktonic growth, whereas two or more
copies are advantageous in biolms.139 We also observed
phenotypic heterogeneity with FERM BP-3421. When testing it
as a host to produce lasso peptide capistruin, we isolated low
and high producer clones, although the exact mechanism
remains unresolved.42 Understanding the reasons for hetero-
geneity will help generate more stable hosts.140 To start,
approaches previously used in other hosts could be applied to
Burkholderia spp. such as the deletion of mobile elements
(transposases, insertion sequences) and of prophages such as
This journal is © The Royal Society of Chemistry 2025
done for the development of C. brevitalea DSM 7029 by Liu and
colleagues.141

Further, metabolic models would be helpful to predict
changes in metabolism upon the introduction of a new
pathway, helping to optimize product yields and predict the
impact of genome reduction.142,143 Sensitivity to antibiotics and
phages is a requirement as a preventive tool if emergency
clearance is needed. B. thailandensis E264 is the only of the three
developed hosts that was engineered to remove efflux trans-
porters and render it susceptible to several antibiotics. Similar
engineering could be performed in other hosts. Moreover,
phage defense systems could be targeted to increase phage
sensitivity.

The expression of heterologous genes may induce a stress
response or metabolic burden that can manifest as decreased
growth and genetic instability.144,145 Some bacterial hosts, such
as P. putida, are naturally stress tolerant,100 and it was shown
that endurance can be further engineered by e.g. removing
phage-related functions and agella-related genes that deplete
ATP and NAD(P)H.146,147 The deletion of mobile elements and
agella-related genes also improved the performance of the
Burkholderiales host C. brevitalea DSM 7029.141 Tolerance to
fermentation stresses such as the nal product, pH, and salt,
can also be engineered or evolved.101,148,149 More broadly, the
removal of non-essential genes can also improve chassis effi-
ciency, with efforts to minimize and streamline genomes
showing promise.150 However, care should be taken that the
modication of complicated and intertwined regulatory or
metabolic processes does not impact downstream small mole-
cule production.

In terms of a standardized SynBio chassis, the most impor-
tant aspect is safety qualications. If synthetic biology plat-
forms are to become valuable industrial tools, they must clear
rigorous regulatory hurdles. For some sectors, this will require
recognition by either the US FDA as “generally regarded as safe”
(GRAS) or the European Food Safety Authority as “qualied
presumption of safety” (QPS). In most cases, environmental risk
assessments will be necessary, which may be expedited by
dening a limited number of chassis for specic applications
and then modifying them only by genetic implants.97 Living
microbes being deployed as synthetic biology agents will also
require barcoding for detection and containment measures,
and digital twinning can be implemented in a manner analo-
gous to soware development to keep a record of strain infor-
mation, modications, and safety measures.97,151 Efforts to
improve chassis biosafety should include the removal of known
virulence factors, the monitoring of horizontal gene transfer
events, and continued pathogenicity testing.

4. Conclusions

New drugs with unique mechanisms of action are desperately
needed in our constant arms race against drug resistance, and
natural products provide diverse chemical scaffolds to reach
molecular targets of interest. Despite our ability to mine thou-
sands of BGCs from a wealth of genomic data, many are not
transcriptionally active in the laboratory. Heterologous
Nat. Prod. Rep.
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expression presents new opportunities for pathway modica-
tion, metabolic optimization, analogue generation, and yield
improvement by employing an engineered host strain. Due to
their autologous bioactive natural product arsenals (Table 2),
Burkholderia spp. bacteria have recently emerged as promising
heterologous hosts, particularly for the expression of BGCs from
other Burkholderiales bacteria. In this review, we have
summarized natural products successfully isolated from Bur-
kholderia spp. heterologous hosts up until 2024 (ESI Table S1†)
and discussed ongoing host development efforts (Table 1) to
improve access to natural products in titers sufficient for drug
development and industrial applications. Empirical compar-
ison of the three most developed hosts would help expose their
strengths and weaknesses to select candidate(s) to move to
standardized SynBio chassis development and clear safety
hurdles.
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L. V. Flórez, M. Kaltenpoth and C. Hertweck, Angew Chem.
Int. Ed. Engl., 2020, 59, 23122–23126.

55 H. Chen, X. Bai, T. Sun, X. Wang, Y. Zhang, X. Bian and
H. Zhou, Mol. Basel Switz., 2023, 28, 6937.

56 Z.-J. Wang, X. Liu, H. Zhou, Y. Liu, L. Zhong, X. Wang,
Q. Tu, L. Huo, F. Yan, L. Gu, R. Müller, Y. Zhang, X. Bian
and X. Xu, Front. Microbiol., 2022, 13, 1073243.

57 Y. Liu, J. Du, T. Pei, H. Du, G.-D. Feng and H. Zhu, Syst. Appl.
Microbiol., 2022, 45, 126352.

58 X. Bai, H. Chen, X. Ren, L. Zhong, X. Wang, X. Ji, Y. Zhang,
Y. Wang and X. Bian, ACS Synth. Biol., 2023, 12, 3072–3081.

59 X. Wang, H. Zhou, H. Chen, X. Jing, W. Zheng, R. Li, T. Sun,
J. Liu, J. Fu, L. Huo, Y. Li, Y. Shen, X. Ding, R. Müller,
X. Bian and Y. Zhang, Proc. Natl. Acad. Sci. U. S. A., 2018,
115, E4255–E4263.

60 L. Zhong, X. Diao, N. Zhang, F. Li, H. Zhou, H. Chen, X. Bai,
X. Ren, Y. Zhang, D. Wu and X. Bian, Nat. Commun., 2021,
12, 296.

61 S. P. Niehs, K. Scherlach and C. Hertweck, Org. Biomol.
Chem., 2018, 16, 8345–8352.

62 A. Kato, S. Nakaya, N. Kokubo, Y. Aiba, Y. Ohashi, H. Hirata,
K. Fujii and K. Harada, J. Antibiot., 1998, 51, 929–935.

63 T. Nguyen, K. Ishida, H. Jenke-Kodama, E. Dittmann,
C. Gurgui, T. Hochmuth, S. Taudien, M. Platzer,
C. Hertweck and J. Piel, Nat. Biotechnol., 2008, 26, 225–233.

64 Y. Wu and M. R. Seyedsayamdost, Biochemistry, 2018, 57,
4247–4251.

65 M. Oka, Y. Nishiyama, S. Ohta, H. Kamei, M. Konishi,
T. Miyaki, T. Oki and H. Kawaguchi, J. Antibiot., 1988, 41,
1331–1337.

66 X. Bian, F. Huang, H. Wang, T. Klesch, R. Müller and
Y. Zhang, Chembiochem Eur. J. Chem. Biol., 2014, 15,
2221–2224.

67 S. Kiyoto, Y. Kawai, T. Kawakita, E. Kino, M. Okuhara,
I. Uchida, H. Tanaka, M. Hashimoto, H. Terano and
M. Kohsaka, J. Antibiot., 1986, 39, 762–772.

68 L. P. Partida-Martinez and C. Hertweck, Chembiochem Eur.
J. Chem. Biol., 2007, 8, 41–45.

69 R. Jansen, H. Irschik, H. Reichenbach, V. Wray and
G. Höe, Liebigs Ann. Chem., 1994, 1994, 759–773.

70 Q. Tu, J. Herrmann, S. Hu, R. Raju, X. Bian, Y. Zhang and
R. Müller, Sci. Rep., 2016, 6, 21066.

71 Z.-J. Wang, X. Liu, H. Zhou, Y. Liu, Q. Tu, L. Huo, F. Yan,
R. Müller, Y. Zhang and X. Xu, ACS Synth. Biol., 2023, 12,
971–977.

72 S. J. Whittaker, M.-F. Demierre, E. J. Kim, A. H. Rook,
A. Lerner, M. Duvic, J. Scarisbrick, S. Reddy, T. Robak,
J. C. Becker, A. Samtsov, W. McCulloch and Y. H. Kim, J.
Clin. Oncol. Off. J. Am. Soc. Clin. Oncol., 2010, 28, 4485–4491.
Nat. Prod. Rep.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00024f


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/1
1/

20
26

 1
0:

10
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
73 S. E. Bates, R. Eisch, A. Ling, D. Rosing, M. Turner,
S. Pittaluga, H. M. Prince, M. H. Kirschbaum, S. L. Allen,
J. Zain, L. J. Geskin, D. Joske, L. Popplewell, E. W. Cowen,
E. S. Jaffe, J. Nichols, S. Kennedy, S. M. Steinberg,
D. J. Liewehr, L. C. Showe, C. Steakley, J. Wright, T. Fojo,
T. Litman and R. L. Piekarz, Br. J. Haematol., 2015, 170,
96–109.

74 X. Liu, F. Xie, L. B. Doughty, Q. Wang, L. Zhang, X. Liu and
Y.-Q. Cheng, Synth. Syst. Biotechnol., 2018, 3, 268–274.

75 K. Gong, M. Wang, Q. Duan, G. Li, D. Yong, C. Ren, Y. Li,
Q. Zhang, Z. Wang, T. Sun, H. Zhang, Q. Tu, C. Wu, J. Fu,
A. Li, C. Song, Y. Zhang and R. Li, Metab. Eng., 2023, 75,
131–142.

76 W. Zheng, X. Wang, H. Zhou, Y. Zhang, A. Li and X. Bian,
Microb. Biotechnol., 2020, 13, 397–405.

77 B. S. Paulo, M. J. J. Recchia, S. Lee, C. H. Fergusson,
S. B. Romanowski, A. Hernandez, N. Krull, D. Y. Liu,
H. Cavanagh, A. Bos, C. A. Gray, B. T. Murphy,
R. G. Linington and A. S. Eustaquio, Chem. Sci., 2024, 15,
16567–16581.

78 J.-W. Wang, A. Wang, K. Li, B. Wang, S. Jin, M. Reiser and
R. F. Lockey, BioTechniques, 2015, 58, 161–170.

79 T. T. Hoang, A. J. Kutchma, A. Becher and H. P. Schweizer,
Plasmid, 2000, 43, 59–72.

80 N. Gummerlich, Y. Rebets, C. Paulus, J. Zapp and
A. Luzhetskyy, Microorganisms, 2020, 8, 2034.

81 B. Enghiad, C. Huang, F. Guo, G. Jiang, B. Wang,
S. K. Tabatabaei, T. A. Martin and H. Zhao, Nat. Commun.,
2021, 12, 1171.

82 V. Libis, L. W. MacIntyre, R. Mehmood, L. Guerrero,
M. A. Ternei, N. Antonovsky, J. Burian, Z. Wang and
S. F. Brady, Nat. Commun., 2022, 13, 5256.

83 R. S. Ayikpoe, C. Shi, A. J. Battiste, S. M. Eslami, S. Ramesh,
M. A. Simon, I. R. Bothwell, H. Lee, A. J. Rice, H. Ren,
Q. Tian, L. A. Harris, R. Sarksian, L. Zhu, A. M. Frerk,
T. W. Precord, W. A. van der Donk, D. A. Mitchell and
H. Zhao, Nat. Commun., 2022, 13, 6135.

84 E. D. Phillips and E. C. Garcia, Trends Microbiol., 2024, 32,
105–106.

85 C. T. French, P. L. Bulterys, C. L. Woodward, A. O. Tatters,
K. R. Ng and J. F. Miller, Curr. Opin. Microbiol., 2020, 54,
18–32.

86 T. Coenye, E. Mahenthiralingam, D. Henry, J. J. LiPuma,
S. Laevens, M. Gillis, D. P. Speert and P. Vandamme, Int.
J. Syst. Evol. Microbiol., 2001, 51, 1481–1490.

87 L. Vial, M.-C. Groleau, M. G. Lamarche, G. Filion,
J. Castonguay-Vanier, V. Dekimpe, F. Daigle, S. J. Charette
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E. V. Bratovanov, M. Garćıa-Altares, K. Scherlach,
J. Kumpfmüller, C. Ross, R. Hermenau, S. Niehs, A. Silge,
J. Hniopek, M. Schmitt, J. Popp and C. Hertweck,
Chembiochem Eur. J. Chem. Biol., 2021, 22, 2901–2907.

123 A. J. Mullins, J. A. H. Murray, M. J. Bull, M. Jenner, C. Jones,
G. Webster, A. E. Green, D. R. Neill, T. R. Connor,
J. Parkhill, G. L. Challis and E. Mahenthiralingam, Nat.
Microbiol., 2019, 4, 996–1005.
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