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Natural products are smallmolecules synthesizedby fungi, bacteria andplants,whichhistorically have
had a profound effect on human health and quality of life. These natural products have evolved over
millions of years resulting in specific biological functions that may be of interest for pharmaceutical,
agricultural, or nutraceutical use.Often natural products need to be structurallymodified tomake them
suitable for specific applications. Combinatorial biosynthesis is a method to alter the composition of
enzymesneeded to synthesize a specificnatural product resulting in structurally diversifiedmolecules.
In this review we discuss different approaches for combinatorial biosynthesis of natural products via
engineering fungal enzymes and biosynthetic pathways. We highlight the biosynthetic knowledge
gained from these studies and provide examples of new-to-nature bioactive molecules, including
molecules synthesized using combinations of fungal and non-fungal enzymes.

Fungi have long been recognized as prolific producers of bioactive sec-
ondary metabolites, commonly referred to as natural products, including
antibiotics1,2, immunosuppressants3,4, and anticancer agents5,6, amongst
others (Fig. 1). Natural products are classified according to their biosyn-
thetic origin exemplifiedbypolyketides e.g.1–3, non-ribosomal peptides e.g.
4–6, hybrid molecules e.g. 7 and 8, and terpenes e.g. 9 and 10, (Fig. 1).
Hybrid natural products additionally include polyketide-terpene hybrids
(meroterpenoids), peptide-terpene hybrids, and glycosylated molecules,
significantly expanding the structural diversity of these compounds. Fungal
natural products are produced via highly programmed pathways and ori-
ginate from simple building blocks7 such as acyl-CoAs, proteinogenic- and
non-proteinogenic amino acids, isopentenyl-pyrophosphate (IPP)/dime-
thylallylpyrophosphate (DMAPP), and sugars. From a biosynthetic point of
view, the diversity and complexity of natural products is generated in a two-
step process: (i) the formation of the core hydrocarbon scaffold and (ii) the
modification of this scaffold by tailoring enzymes.

Fungi and their complex biosynthetic machinery have evolved to
synthesize a wide variety of bioactive natural products, making them a
valuable resource for drug discovery8,9. However, the potential of fungi is
sometimes limited by certain compounds being produced only in low
amounts by specific strains that are difficult to cultivate or engineer. Ben-
efiting from high throughput genome sequencing, accumulated under-
standing of biosynthetic pathways, advancements in synthetic biology tools,
and development of heterologous hosts, combinatorial biosynthesis has

become a robust strategy for accessing natural products with novel struc-
tures and biological activities. The concept of combinatorial biosynthesis10

involves expanding the biosynthetic inventory of a fungal producer by
introducing non-native enzymes into specific biosynthetic pathways, ulti-
mately manipulating the natural product output. The novel compounds
generated hold great promise in the quest for new drugs and therapeutic
agents, and the approach provides valuable tools for addressing health
challenges, the future energy crisis, and advancing our understanding of
natural product biosynthesis.

This review covers the various approaches used for combinatorial bio-
synthesis of fungal natural products highlighting studies that have generated
novel molecules, created molecules with new biological activities, and led to
enhanced understanding of enzyme programming or mechanistic features.

Combinatorial biosynthesis of megasynth(et)ases
Megasynth(et)ases are the large, multifunctional enzymes that synthesize
the essential carbon framework of a natural product. There are two main
approaches to combine biosynthetic features from different megasynth(et)
ases: (i) domain swaps and (ii) module swaps11. In the domain swap
approach the megasynth(et)ase is deconstructed into individual domains
and recombined with analogous domains, generating a chimeric enzyme.
Some types of fungal enzymes contain domains organized into modules,
where the entire module can be swapped with analogous modules to create
new enzyme combinations.
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Polyketide synthases (PKS)
Polyketides are a large class of natural products constructed from the
condensation of acyl-CoA units by polyketide synthase (PKS) enzymes e.g.
1–3 (Fig. 1). In fungi, PKS enzymes are typically iterative and so it is near
impossible to predict the exact structural features of the encoded carbon
backbone. These PKS enzymes can be classified as highly reducing (HR-
PKS), partially-reducing (PR-PKS), and non-reducing (NR-PKS) according
to the presence or absence of domains that catalyze the reduction of the
polyketone functionality12,13.

NR-PKS domain swaps. The starter unit acyl carrier protein transa-
cylase (SAT) domain14 is unique to NR-PKS enzymes and selects the
starter unit e.g. acetyl-CoA, malonyl-CoA, and more infrequently pro-
pionyl-CoA, hexanoyl-CoA, nicotinyl-CoA, and then transfers the sub-
strate to the ketosynthase (KS) domain, making it an obvious choice for
engineering. Many SAT domains studied have demonstrated tolerance
for alternative, even unnatural, starter units allowing for an effective
strategy in synthesizing unnatural natural products15. Swapping of SAT

domains between NR-PKS has proved crucial in understanding the
specificity of other domains within theNR-PKS, revealing a new function
of the SATdomain in dimerization16 and also leading to the production of
novel compounds. For example, swaps of the SAT domain from AfoE,
involved in asperfuranone 3 biosynthesis, and the SAT domain from
StcA, which is involved in sterigmatocystin biosynthesis, led to the
production of a new polyketide 11 (Fig. 2), that utilized a hexanoyl starter
unit but remained at the same chain length as 317.

The product template (PT) domain is another domain unique to NR-
PKS which is essential for the cyclization and aromatization of the poly-
ketide chain18,19. Swap of the PT from ApdA, required for asperthecin bio-
synthesis, into PKS4, responsible for bikaverin biosynthesis, led to the
production of the novel α-pyranoanthraquinone 1220. Further investiga-
tions of the PT domain programming identified three residues which, when
mutated, converted the cyclization mode - potentially identifying a simpler
approach in engineering novel natural products21.

Combinatorial domain swaps between a series of C-methyltransferase
(CMeT or MT) domains excised from NR-PKS revealed that the

Fig. 1 | Examples of fungal natural products and the module/domain composi-
tion of each megasynth(et)ase that produces them. Common building blocks
supply precursors for the biosynthesis of polyketides, non-ribosomal peptides,
hybrid metabolites, and terpenes. Domain abbreviations: KS ketosynthase, AT
acyltransferase, DH dehydratase, MT methyltransferase, ER enoylreductase, KR

ketoreductase, ACP acyl carrier protein, SAT starter unit acyltransferase, PTproduct
template, TE thiolesterase, R reductase, C condensation, A adenylation, T thiolation
(also referred to as PCP peptidyl carrier protein), E epimerase, TC terpene cyclase,
PT prenyltransferase.
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methylation pattern is inherent to an individual CMeT domain, however
there is kinetic competition with the KS domain which may override the
CMeT22.

Swaps of individual TE domains from wA to Pks1 converted the
polyketide product from flaviolin to ATHN 13, confirming the role of the
domain as an unusual bifunctional thiolesterase (TE) that catalyzes both
polyketide cyclization and deacetylation23. Swapping of the TE domains
between the AtCURS1/2 and CcRADS1/2 led to several anticipated and
unanticipated macrocycles, pyrones, carboxylic acids, and esters, including
YXTZ-1-8-2 1424. Through swapping both the PT and TE domains con-
currently the polyketide products more closely matched those predicted by
biosynthetic rules24. This study indicated that TE domains act as important
decision gates in polyketide release mode and are influenced by the chain
length and geometry of the PT-cyclized intermediate being presented for
release. Furthermore, swaps of TE domains between relatively close NR-
PKS systems can actually lead to increased titers of useful polyketides25.

Typically, more than one domain is swapped at a time for systematic
studies26. For example, when the SAT fromAfoE was replaced by that from
AN3386 a novel major C16 polyketide 15was detected. However, when the
SAT-KS-AT, or SAT-KS-AT-PT domains were swapped, the major com-
pound was a C18 polyketide, revealing that control of chain length resides
within the KS domain27. KS domain swaps between NR-PKS CoPKS1,
which synthesizes the octaketide atrochrysone carboxylic acid, andCoPKS4,
which synthesizes both octaketides and heptaketides such as 6-hydro-
xymusizin, further corroborated the role of the KS domain in controlling
polyketide chain length and identified ten amino acid residues that may be
involved28.

Similarly, individual PT, ACP, and TE domains were swapped with six
SAT-KS-AT tridomains resulting in 72 different combinations. The study
revealed that the production of new polyketides required cyclization and
release to be faster than spontaneous reactions and off-loading, and hypo-
thesized that amatchedSAT-KSpair is essential. Sevenpreviously unknown

Fig. 2 | Overview of PKS megasynthase combinatorial strategies in iterative
fungal PKS systems and the novel polyketides generated. a PKS domain swap
strategy to construct chimeric enzymes andbPKSmodule swap strategy to construct
chimeric enzymes. The native enzyme and its product are shown at the top of the
arrow and the engineered enzyme and the new product are shown at the bottom of
the arrow. Swapped domains/modules are shown in red. Portions of molecules

shown in gray arise from additional enzymes/modifications that are not shown.
Domain abbreviations: SAT starter unit acyltransferase, KS ketosynthase, AT
acyltransferase, PT product template, MT methyltransferase, R reductase, TE
thiolesterase, DH dehydratase, ER enoylreductase, KR ketoreductase, ACP acyl
carrier protein.
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polyketides were detected including 1-(7,9,10-trihydroxy-1-oxo-1H-ben-
zo[g]isochromen-3-yl)pentane-2,4-dione 1629.

HR-PKSdomain swaps. Domain swaps inHR-PKS are inherentlymore
challenging due to many lacking a terminal release domain, and the
detection of the non-aromatic products being more difficult30. The first
reported domain swap between HR-PKS systems, was the swap of the KS
domain from Fum1p, involved in fumonisin biosynthesis, with PKS1,
responsible for T-toxin biosynthesis. The chimeric PKS still produced
fumonisins, albeit at a much lower level than the wild-type strain, despite
PKS1 encoding a much longer polyketide (C41 vs C18)

31. In a similar
strategy, theKS domain of Fum1pwas swappedwith theKS domain from
LDKS, the diketide synthase responsible for the C4 polyketide side chain
of lovastatin. Here, four dihydroisocoumarins were produced, two of
which were novel, at considerably higher titers than the previous
experiment. Surprisingly all fourwere aromatic and two contained sulfate
groups added via the host e.g. 1732.

The enoylreductase (ER) domain has been swapped in DrtA, the HR-
PKS involved in the biosynthesis of fungal drimane-type sesquiterpene
esters. These metabolites are meroterpenoids consisting of a sesquiterpene
core attached to a highly reduced polyketide of different chain lengths (C6

and C8) and various levels of unsaturation. The donor ER domain came
from the HR-PKS believed to be involved in the biosynthesis of fully satu-
rated drimane-type sesquiterpene esters, identified from genome mining
and phylogenetic analysis. Over-expression of the chimeric HR-PKS in its
native host led to the production of a novel drimane-type sesquiterpene
ester, calidoustrene F 18. However, heterologous expression of the chimeric
HR-PKS with other genes from the cluster led to the production of six
previously unreported drimane-type sesquiterpene esters with different
levels of saturation, including full reduction of the attached octaketide, as
determined by HRMS33.

PKSModule Swaps. With the exception of HR-PKS andNR-PKS pairs,
which collaborate to synthesize a polyketide product, fungal PKS
enzymes are not usually considered as modular enzymes. The first
example of combinatorial biosynthesis of fungal PKS modules was the
systematic swaps of HR-PKS and NR-PKS pairs that collaborate to
synthesize benzenediol lactone (BDL) scaffolds34. Four BDLHR-PKS and
NR-PKS pairs were methodically swapped to generate twelve unnatural
pairs of HR-PKS and NR-PKS enzymes which were heterologously
expressed in Saccharomyces cerevisiae for polyketide production and
analysis. In five of the twelve swaps, the SAT domain of the NR-PKS
needed to be exchanged to enable acceptance of the HR-PKS and its
polyketide intermediate. Remarkably ten out of the twelve swaps resulted
in production of the predicted metabolite and, of these, six were novel
natural products e.g. 19 and 20.

In a related study,HR-PKS andNR-PKSpairswere swappedbetween the
asperfuranonePKSandfourBDLsystems35.AlthoughtheSATdomainneeded
to be exchanged in the accepting BDL NR-PKS, three swaps were successful
and resulted in the production of four unnatural natural products e.g. 21.

Finally, in a follow-up study, five chimeric NR-PKS enzymes were
generated which possessed non-natural SAT or TE domains, or both, and
heterologously expressed with non-native HR-PKS partners, generating a
total of 35 unnatural enzyme combinations36. These unnatural enzyme
combinations led to the production of 23 novel compounds. However, the
major outcome of the study was understanding the major roles of the SAT
and TE domains and how their evolution dictates engineering possibilities.

Non-ribosomal peptide synthetases (NRPS)
Non-ribosomal peptides are known for their diverse bioactivities such as
antifungal, antibacterial and immunosuppresant37–39,making themvaluable
in drug development. The non-ribosomal peptide synthetase enzymes that
synthesize these peptides consist of condensation (C), adenylation (A), and
thiolation (T) - also referred to as a peptidyl carrier protein (PCP) - domains,
organized into modules40. Some fungal NRPS modules also include

methyltransferase (MT), epimerization (E), or oxidation (OX)domains, and
the modules may or may not be iterative.

NRPSdomain swaps. BbBEAS andBbBSLS are iterativeNRPS enzymes
with a C-A-T-C-A-MT-T-T-C domain organization, encoding the bio-
synthesis of beauvericin 6 and bassianolide respectively. Chimeric
enzymes were constructed in vitro; where the terminal T-T-C, T-C, or C
domains were swapped from BbBSLS into BbBEAS, a new tetrapeptide
compound FX1 22 was observed (Fig. 3)41. The role of the tandem T
domains was investigated where both were shown to be required for the
efficiency of the systembut each can functionwithout the other. The roles
of the C domains were also investigated and although the first C domain
did not possess condensation activity in vitro, it was essential for the
overall activity of the NRPS. In contrast, the terminal C domain was
shown to have condensation activity as well as control chain length and
macrocyclization.

Taking advantage of iterative NRPS systems, chimeric NRPS com-
prising of domains of hexa- and octa-cyclodepsipeptide (CDP) systems
were constructed, resulting in the formationofnovelCDPsocta-beauvericin
(FX1) e.g. 22 and octa-enniatin, on mg scale, showing enhanced anti-
parasitic activity compared to clinically used drugs42. Furthermore, a chi-
meric NRPS was able to produce 1.3 g L−1 of the known peptide hexa-
bassianolide, significantly improving reported titers fromboth synthesis and
fermentation.

PpzA-1 is a dimodular NRPS responsible for the biosynthesis of per-
amine 5. PpzA-2 is a truncated dimodular NRPS with similar domain
organization to PpzA-1 but lacks an R domain, contains significant muta-
tions, and was originally thought to be non-functional, or the product of a
pseudogene. When PpzA-2 was expressed in the fungal host Penicillium
paxilli a newcompoundwas detected and identified as the pyrrolopyrazine-
1,4-dione 23. Utilizing meiotic recombination events as a (sub)-domain
swapping strategy, four different ppzA alleles were generated43. In addition
to determining that the NRPS could function without the terminal R
domain, via a non-enzymatic dipeptide release mechanism, this study
highlights the power of utilizing allelic diversity to identify and exchange
(sub)-domains to generate DKP products.

A strategy has also been developed to swap domains from the fungal
iterative cyclodepsipeptide NRPS with the non-iterative, or linear, cyclos-
porine NRPS. 24 hybrid synthetaseswere generated and ten successfully led
to the production of a peptide natural product enabling exchange rules to be
described44. Namely, the C domain can be swapped via the T-C or C-A
linker regions, provided that theCdomain is left intact, and the specificity of
the swapped C domain is similar, or identical, to substrates accepted by the
native system’s upstream and downstream modules respectively.

NRPS module swaps. The first report of NRPS module swapping uti-
lized the highly similar BbBEAS and BbBSLS systems which synthesize
beauvericin 6 and bassianolide respectively. First, the individual modules
were expressed in yeast and shown to be functional, albeit at lower titers
than the intact enzyme. When modules were swapped between the sys-
tems, the product profile was switched according to the specificity of the
later modules. The linker between the modules was shown to be essential
and the chimeric systems were more efficient when a chimeric linker was
used45.

Two hybrid dimoduleNRPS systemswere generated by fusingmodule
one from PSYN (PM 1) with the hexadomainmodule two with ESYN (EM
2) and BYSN (BM 2) respectively. Expression of these chimeric NRPS in E.
coli led to the production of novel cyclodepsipeptides [PheLac] enniatin 25
and [PheLac]-beauvericin 2446.

More complex chimericNRPSenzymeswere createdby fusing twoand
three dimodules to produce tetra- and hexamodule systems. Although the
NRPS were functional and led to the production of several novel peptides,
unexpectedly the system demonstrated a combination of iterative behavior
and module skipping, revealing that the terminal C domain can direct an
iterative system to behave as a mixed iterative/linear system47.
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Domain swaps in NRPS-like enzymes
NRPS-like enzymes are a subclass of NRPS enzymes which consist of an A,
T, and TE or R domain but lack the canonical C domain for peptide bond
formation48. In the majority of systems studied to date, two identical α-
ketoacids are selected and activated by theAdomains and dimerized via the
TE domain. The first report of NRPS-like domain swapping focused on
three enzymes from Aspergillus terreus which produce aspulvinone E,
butyrolactone IIa, and phenguignardic acid respectively49–54. The strategy
involved swapping the A domains and TE domains independently between

the three systems and heterologously expressing in Aspergillus nidulans.
Swaps of the A domains were functional and kept the inherent selectivity of
the A domain. Similarly, TE domain swaps were also functional and suc-
cessfully redirected the cyclization of the resulting lactones. Through these
swaps the novel phenylbutyrolactone IIa 26 was generated54.

A related study swapped domains in a more diverse set of NRPS-like
enzymes that differed in substrate selection and mode of dimerization. 24
swapswere conducted and19were successful, yielding the expected product
in titers of 0.01–30.5 mg L−1 in their yeast host. Two of the products

Fig. 3 | Examples of novel peptides produced by combinatorial biosynthesis via
engineering NRPS and NRPS-like megasynthetase modules and domains.
a NRPS domain swap strategy to construct chimeric enzymes and b NRPS module
swap strategy to construct chimeric enzymes. c NRPS-like domain swap strategy
to construct chimeric enzymes. The native enzyme and its product are shown at the

top of the arrow and the engineered enzyme and the new product are shown at
the bottom of the arrow. Swapped domains/modules are shown in red. Domain
abbreviations: C condensation, A adenylation, T thiolation (also referred to as
PCP peptidyl carrier protein), MT methyltransferase.
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generated, indolyl guignardic acid 27 and indolyl butyrolactone 28, were
novel, demonstrating the power of the approach55. While some of the
swapped TE domains were determined to be more promiscuous than
others, precisemotifs for substrate specificity ormode of dimerization could
not be established from the protein sequence alone.

PKS-NRPS and NRPS-PKS
In fungi, PKS-NRPS are hybrid enzymes consisting of an iterative HR-PKS
fused to a non-iterative NRPSmodule via a flexible linker56,57. In contrast to
PKS-NRPS enzymes, NRPS-PKS enzymes consist of an NRPS module (A
and PCP domains, sometimes with a C domain preceding the A domain)
fused to a PKS module (consisting of at least a KS domain, but often times
with up to a full HR-PKS)58. A subclass of NRPS-PKS includes a C-A-PCP-
(PCP)-KS-(TE)domainarchitecture; theNRPSmodule selects andactivates
an amino acid and condenses it with acetoacetyl-CoA, selected by the KS
domain.

PKS-NRPS domain swaps. The first PKS-NRPS system to be fully
interrogated at the domain level was TenS essential for biosynthesis of
the pentaketide-derived tenellin. All domains within the HR-PKS
module were swapped in different combinations from the comparable
domains within DMBS, the PKS-NRPS responsible for the biosynthesis
of the closely related hexaketide-derived desmethylbassianin. Through
these swaps theKR domainwas identified as influencing the chain length
of the polyketide, in some experiments leading to production of a
hexaketide-derived product as the sole product. Heterologous expres-
sion of this chimeric PKS-NRPS with tailoring genes from the tenellin
pathway led to the production of bassianin 29, a known natural product,
now extinct as the original producing strain is no longer available
(Fig. 4)59. In a follow-up study heptaketide-derived products e.g. 30
could also be generated by swapping in the KR domain from MILS, the
PKS-NRPS required for the biosynthesis of militarinone. The study
highlighted that swaps of comparably small sub-fragments of just 12

Fig. 4 | Examples of novel polyketide-derived compounds and terpenes produced
by combinatorial biosynthesis via engineering megasynthase domains/modules.
a PKS-NRPS domain swap strategy to construct chimeric enzymes, b PKS-NRPS
module swap strategy to construct chimeric enzymes, c NRPS-PKS domain swap
strategy to construct chimeric enzymes, and d terpene domain swap products to
construct chimeric enzymes. The native enzyme and its product are shown at the top

of the arrow and the engineered enzyme and the new product are shown at the
bottom of the arrow. The swapped domains/modules are shown in red. Domain
abbreviations: KS ketosynthase, AT acyltransferase, DH dehydratase, MT methyl-
transferase, KR ketoreductase, ER enoylreductase, ACP acyl carrier protein, C
condensation, A adenylation, PCP peptidyl carrier protein, DKC Dieckmann
cyclase, TC terpene cyclase, PT prenyltransferase, PPase pyrophosphatase.
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amino acids within the KR could reprogram the chain length of the
whole PKS60.

PKS-NRPS module swaps. Due to the size of these enzymes
(~400 kDa) they are extremely challenging to study in vitro.However, the
fungal PKS-NRPS, ApdA, was purified as functional protein after
expression in S. cerevisiae. The PKS module of ApdA and the NRPS
module of CpaS were reconstituted in vitro and a novel tetramic acid 31
was formed, albeit in low titers (~0.1 mg L−1). Besides being the first study
to reconstitute a fungal PKS-NRPS enzyme in vitro, the programming
rules controlling substrate specificity, polyketide chain length, methyla-
tion, enoylreduction, and protein-protein interactions could be
investigated61.

The rules for successfully swapping NRPS modules were investigated
in depth via 57 different gene fusion combinations, leading to 34 distinct
module swaps. The position of the swap could be at theACPdomain, or the
C domain, within the ACP domain, or by introducing a tandem ACP
domain. The study defined several crucial programming rules: the PKS
module in collaboration with its cognate trans-ER synthesizes the polyke-
tide; C domains are highly selective towhich substrates they will accept; and
ACPdomains are interchangeable provided that theyare closely related62. In
total five new polyketide products were generated including eqxTyr 32, the
tyrosine analog of equisetin.

The role of the flexible linker region between the PKS and NRPS
modules has also been investigated, indicating that the length of the linker,
its sequence, and its removal or replacement with red fluorescent protein
(RFP) have little effect on product formation63. However, the linker is
essential for keeping the PKS and NRPS in close proximity in vivo. The
construction of chimeric PKS-NRPS hybrids between CcsA and Syn2 led to
the production of two novel compounds including niduchimaeralin A 33.

Although swapping entire NRPS modules would appear straightfor-
ward, it ismore challenging to convert anHR-PKS to aPKS-NRPSby fusing
an NRPS module. When this was attempted using LovB and the NPRS
module forCheA in vivo (within the lovastatin biosynthetic gene cluster) no
new products could be detected, and the native product lovastatin was no
longer produced64. In-depth phylogenetic studies indicated that PKS and
NRPS modules in these composite enzymes share an evolutionary history
and that domain/module swaps from distantly related enzymes may not be
possible. Furthermore, the selection of the amino acid by the NRPS domain
may require both the A and C domains.

NRPS-PKS domain swaps. Domain swaps between NRPS-PKS sys-
tems have so far been conducted in TAS1, which synthesizes tenuazonic
acid 7 via isoleucine and acetoacetyl-CoA (Fig. 1), and TaTAS1, which
synthesizes taslactam A via leucine and acetoacetyl-CoA. The swaps
demonstrated that the amino acid incorporated by the system could be
altered by swapping the C-A didomain e.g. taslactam B 3465. Possibly due
to differences in the mode of cyclization, swaps of the terminal KS
domain did not lead to detectable product formation.

Terpene synthase (TS) domain swaps
Terpenoids are a vast class of natural products with numerous pharmaco-
logical applications66. The biosynthesis of terpenoids typically follows a two-
step process: first, terpene cyclases (TCs) create the foundational hydro-
carbon structure, and then tailoring enzymes, including cytochrome P450
monooxygenases (P450s), modify the cyclized hydrocarbon by functiona-
lizing C−H bonds. Some terpene synthases in fungi are bifunctional
enzymes that consist of a C-terminal prenyltransferase (PT) and an N-
terminal terpene cyclase (TC) that sequentially condense IPP and DMAPP
units and then cyclize the backbone. PT andTCdomain swaps between two
previously cryptic bifunctional terpene synthases, EvVS which produces
novel diterpene 35, and EvSS, enabled the production of a novel ses-
terterpene 3667. The study demonstrated that the PT domain can synthesize
different-length terpene precursors but the TC domain controls which
lengths are acceptable.

Another type of bifunctional terpene synthases are found in mush-
rooms; these enzymes contain pyrophosphatase (PPase) and TC domains.
AncC is an example of this type of bifunctional TSwhichwhen expressed in
yeast with tailoring enzymes leads to the production of (+)-antrocin 37.
Deletion or swapping of the TC domain showed that cyclization activity is
abolished or modified, and mutagenesis identified the residues essential for
activity the selectivity in both the PPase and TC domains68.

Trans-acting enzyme swaps
An increasing number of fungal megasynth(et)ases have been shown to
require the action of collaborating, or trans-acting, enzymes69. These
enzymes are required to ensure fidelity of the programming of the mega-
synth(et)ases. For example, the role of trans-acting enoylreductases (trans-
ER)70, ketoreductases (trans-KR)71,72, acyltransferases (trans-AT)73, thioles-
terases (trans-TE)74, andoxidases75, have been investigatedby combinatorial
biosynthesis.While none of these studies have led to the production of novel
compounds yet, they did reveal crucial information regarding the substrate
specificity of the trans-acting enzymes.

Combinatorial biosynthesis of tailoring enzymes
Collectively, tailoring enzymes are the enzymes that act upon the carbon
backbone synthesized by a megasynth(et)ase enzyme and often introduce
significant structural diversity and/or complexity76. Examples include var-
ious classes of enzymes such as oxidases, reductases, oxidoreductases,
transferases, and cyclases. Investigations of biosynthetic tailoring enzymes
in unnatural combinations is a relatively rapid method to elucidate enzyme
function and often leads to new compounds being produced.

Novel meroterpenoids and sterols
Decalin-containing diterpenoid pyrones (DDPs) are natural mer-
oterpenoids derived from fungi, characterized by a decalin ring system
linked to a pyrone moiety. Recently, five distinct DDP biosynthetic gene
clusters (dpfg, dpmp, dpch, dpma, and dpas) were identified in five different
fungi. Despite sharing a common early biosynthetic pathway, leading to a
shared intermediate, the divergence in the tailoring enzymes within each
pathway results in the production of diverse DDPs. One such enzyme,
DpasF from the dpas BGC, is a flavin-dependent monooxygenase (FMO)
responsible for tetrahydrofuran (THF) ring formation or enone formation
at the C5 unit of DPPs. Co-expression of dpasFwith the dpmp/dpfg BGC in
A. oryzae yielded five newDPP analogs, such as 38 and 39 (Fig. 5). Another
tailoring enzyme, DpmpI from the dpmp BGC, is a methyltransferase that
methylates the carboxylic acid of DPPs. Introduction of dpmpI into A.
oryzaewith dpch/dpas BGC led to the production of four newDPP analogs,
such as the O-methylated higginsianin A 4077.

Tropolone sesquiterpenoids are meroterpenoids that share a core 11-
membered macrocycle derived from humulene, connected to one or two
polyketide-derived tropolones via dihydropyran rings78. Combinatorial
biosynthesis to generate unnatural tropolone sesquiterpenoids was suc-
cessfully accomplished by combining genes from three different tropolone
sesquiterpenoidsBGCs (aspks1BGC, eup2BGC, and pycBGC) in the fungal
host A. oryzaeNSAR1. Through the co-expression of eup2R6, a P450 gene,
with genes (aspks1, asL1, asL3, asR2, asR5, asR6) responsible for xenovulene
B production, a novel compound, 10-hydroxyxenovulene B 41, was gen-
erated. Additionally, eup2R5, encoding a FAD-dependent monooxygenase,
was identified as a catalyst for oxidative ring-contractions when co-
expressed with genes producing xenovulene B79.

Biosynthesis of polytolypin, a fernane-type triterpenoid from fungi,
involves the triterpene cyclase PolA, that catalyzes the cyclization of 2,3-
oxidosqualene to motiol, and three P450 enzymes that introduce multiple
oxidation steps. Isomotiol and fernenol are structurally similar to motiol.
When three P450s (PolB/C/E) were co-expressedwith isomotiol or fernenol
cyclase genes in A. oryzae NSAR1 respectively, five novel polytolypin ana-
logs resulted such as 4280.

Fumagillin is known for its antiangiogenic activity due to binding to
humanmethionine aminopeptidase81. In the biosynthesis of fumagillin, the

https://doi.org/10.1038/s42004-024-01172-9 Review article

Communications Chemistry |            (2024) 7:89 7



terpene cyclase Fma-TC catalyzes the conversion of farnesyl-diphosphate
(FPP) into β-trans-bergamotene, which is then sequentially oxidized to
produce epoxycyclohexanone by the multifunctional P450 enzyme Fma-
P450. TC-P450 pairs from Trichoderma virens (Tv86) and Botryotonia
cinerea (BC) are homologous to Fma TC-P450 pairs. Combining Tv86-TC
and Fma-P450 pairs, or Fma-TC andTv86-P450 pairs, in S. cerevisiae RC01
led to the production of a new group of novel sesquiterpenoids with
hydrocarbon scaffolds different from bergamotene including 43 and 4482.

PeniB is amultifunctional P450 enzyme that catalyzes crucial tailoring
steps in the production of the insecticide penifulvin A, itself derived from a
polyquinane sesquiterpenoid (PQST) scaffold. Combining peniB with ses-
quiterpenoid cyclases such as bcbot2 and Coll34TC in S. cerevisiae RC01
resulted in a variety of unnatural oxidative products e.g.45. Similar toPeniB,
CYP450-4710 also possesses multifunctional oxidation ability on different
PQST scaffolds including the plant-derived PQST scaffold that is synthe-
sized by MrTPS2 from chamomile e.g. 4683.

Two distinct biosynthetic pathways, designated as peni and aspe, have
been characterized for fungal dioxafenestrane sesquiterpenes (asperaculinA
and penifulvin A). AspeD, an α-ketoglutarate-dependent dioxygenase, is a
tailoring enzyme in the aspe pathway that catalyzes the C7 R-hydroxylation
during the biosynthesis of asperaculin A. Interestingly, AspeD exhibits a
promiscuous hydroxylation ability towards dioxafenestrane sesquiterpene
intermediates derived from the peni pathway, resulting in the production of
unnatural products, such as 47. In contrast, the homologous protein PeniD,
originating from the peni pathway, demonstrates specificity towards only
native substrates84.

Aristolochene is a bicyclic sesquiterpene synthesized by aristolochene
synthase, which is the parent hydrocarbon of a large variety of fungal toxins
such as PR toxin and sporogen-AO 185,86. Various oxidized aristolochenes
were synthesized through the combinationof tailoring enzymes and terpene
cyclases sourced fromhomologousbiosynthetic pathways.Co-expressionof
terpene cyclase gene hrtc and p450 genes prL4 and prL7 resulted in the
production of hydroxylated congeners of PR toxin from Penicillium
roquefortii e.g. 48. While co-expression of another p450 gene xhR1 with
hrTc provided six new aristolochene congeners e.g. 4987.

Steroids are widely used clinically as anti-inflammatory, immuno-
suppressive, and anticancer agents88. Hydroxylation of steroids is a pivotal
step in the industrial synthesis of diverse steroid drugs. The incorporation of
cytochrome P450 CYP103168 and cytochrome P450 reductase CPR64795
from the fungus Cochliobolus lunatus into two Mycolicibacterium smeg-
matis mutants, designated MS6039-5941 and MS6039, resulted in the
creation of recombinant mutants capable of efficiently converting choles-
terol (CHO) and phytosterols (PHYTO) into 14αOH-4-androstene-3,17-
dione (14OH-4AD, 50) and 14αOH-1,4-androstadiene-3,17-dione (14OH-
ADD, 51) with high yields, respectively59. Additionally, the introduction of
11α-hydroxylating enzymes from the fungus Rhizopus oryzae into the
previously mentioned twoM. smegmatismutants led to the production of
11αOH-AD 52 and 11αOH-ADD 53with CHO or PHYTO as feedstock89.

The co-expression of a CYP enzyme (CYPN2) and a cytochrome P450
reductase (CPRns) fromNigrospora sphaericawithin Pichia pastorisGS115
revealed noteworthy 6β- and 15α-hydroxylation capabilities on progester-
one e.g. 54. Moreover, the Pichia pastoris GS115 strain carrying CYPN2-
CPRnsgenes demonstrated the ability to convert cortisone,AD, andDHEA,
yielding novel products e.g. 55, 56, and 57. Interestingly, distinct hydro-
xylation specificitieswere observed across various steroid substrates90. These
breakthroughs pave the way for generating hydroxylated steroidal synthons
with different specificities at an industrial scale.

Novel polyketide derivatives
Cytochalasans are natural inhibitors of actin polymerization, and consist of
a large family of PKS-NRPS derivedmetabolites. During investigations into
the biosynthesis of cytochalasans, Magnaporthe grisea mutants were
developed to study the function of cryptic P450s in similar BGCs. Not only
could novel cytochalasans be generated e.g. 58 (Fig. 6), but the site-specific
oxidative functions i.e. epoxidation vs. hydroxylation could be determined91.

Novel statins were generated in S. cerevisiae by mixing genes from the
lovastatin BGC and FR901512 BGC. Co-expression of the acyltransferase
gene (frlD) with the lovABCG genes yielded a new statin structure, pre-
sumably O-acetylmonacolin J 59. Similarly, co-expression of the acyl-
transferase gene (lovD) and polyketide synthase (lovF) genes with the

Fig. 5 | Examples of novel terpene-derived mole-
cules produced via combinatorial biosynthesis via
swapping tailoring enzymes. New functional
groups and/or structural modifications arising from
combinatorial biosynthesis are shown in red.
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frlABCG genes produced anewstatin structure60where the tetralinnucleus
was modified with a methylbutyrate side chain92.

Aurovertins are fungal mycotoxins that have been reported to show
strong anticancer activities93. The FMOAurC plays an important role in the
construction of the dioxabicyclo-octane (DBO)moiety of the aurovertins. A
new compound 61, with aDBOringmoiety that has the same configuration
as aurovertin E, was produced in high titers (480mg L−1) when CtvA, the
PKS responsible for citreovirdin biosynthesis, was introduced into the C.
arbuscula ΔaurAmutant94.

Fungal benzenediol lactone (BDL) polyketides, containing a 1,3-ben-
zenediol moiety bridged by a macrocyclic lactone ring, offer rich pharma-
cophores with broad-ranging bioactivities, such as modulating the heat
shock response and the immune system34. The substrate tolerance and
regiospecificity of two O-methyltransferase tailoring enzymes, LtOMT and
HsOMT, from fungal BDL biosynthetic pathways were investigated by
combinatorial biosynthesis. Co-expressing theHR-PKS/NR-PKS PKS pairs
responsible for BDL production with LtOMT and/or HsOMT resulted in
the production of non-native O-methylated BDLs, including ortho-O-
methylated, para-O-methylated, and o,p-O-dimethylated products e.g.
62–64. Remarkably, both O-methyltransferases exhibited flexibility in tol-
erating diverse BDL ring systems, including variations in macrocycle size,
functionalization, and even the absence of the macrocyclic ring. LtOMT
catalyzed the methylation of the phenolic hydroxyl group positioned at the
ortho position relative to the aromatic carbon bearing the carbonyl. Con-
versely, HsOMT demonstrated O-methylation at the phenolic hydroxyl
group located at the para position to the same aromatic carbon. This
regioselective O-methylation capability of the tailoring enzymes when
applied to a broader range of phenolic polyketide natural products, offers
distinct advantages over environmentally unfriendly chemicalmethods that
necessitate high pressure and temperature, often resulting in undesired
byproducts95.

Using a similar approach, the substrate tolerance of FgSULT1, a tai-
loring phenolic sulfotransferase from the plant-pathogenic fungus Fusar-
ium graminearum PH-1 was explored. By co-expressing the relevant BDL
PKS pairs with FgSULT1within an S. cerevisiae chassis, sulfated derivatives
e.g. 65 and 66 could be observed. Notably, all the substrates accepted by
FgSULT1 shared a common 2,4-dihydroxybenzaldehyde motif, which was
identified as necessary but not sufficient for substrate turnover by FgSULT1.
These findings establish a foundation for a synthetic biological and enzy-
matic platform that can be adapted for the production of bioactive, unna-
tural product sulfates96.

Through the application of combinatorial biosynthetic strategies, the
glycosyltransferase–methyltransferase (GT–MT) pair BbGT86–BbMT85
was shown to exhibit remarkable efficiency in adorning a diverse array of
drug-like substrates, encompassing polyketides, anthraquinones, flavo-
noids, andnaphthalenes,with amethylglucose biosynthon. For instance, the
co-expression of the HR-PKS / NR-PKS pair LtLasS1–LtLasS2 from
Lasiodiplodia theobromae with the BbGT86–BbMT85 pair yielded the
unprecedented methylglucoside of desmethyl-lasiodiplodin 6797. During
the exploration of BbGT86–BbMT85 orthologs in other fungal genomes,
four putative GT–MT modules—MrGT-MrMT, IfGT-IfMT, CmGT-
CmMT, and CpGT-CpMT—were identified, which exhibited considerable
substratepromiscuity towardsdifferent classes ofnatural products.Utilizing
kaempferol as a model substrate, the study revealed that the GT–MT
modules display distinct regiospecificities for the same substrate. For
example, BbGT86–BbMT85 predominantly methylglucosylates kaemp-
ferol at 7-OH e.g. 68, whereas IfGT-IfMT and CpGT-CpMT exhibit a clear
preference for 3-OH e.g. 69. In contrast,MrGT-MrMT andCmGT-CmMT
tend to synthesize a mixture of monoglucoside and/or monomethylgluco-
sides e.g. 68–7098.

Sorbicillinoids are a large family of fungal secondary metabolites
derived from sorbicillin, showing numerous bioactivities such as anti-
microbial, antioxidant, and cytotoxic activities99. The function and pro-
miscuity of the FMOPcSorD from the sorbicillinoid pathway inPenicillium
chrysogenum, was confirmed by heterologous expression in A. oryzae
NSAR1. PcSorD catalyzes a broad scope of reactions including oxidation,
epoxidation, intermolecular Diels–Alder-, and Michael-addition- dimer-
ization reactions100.

Perylenequinones (PQs) have emerged as promising SARS-CoV-2 as
entry inhibitors andone of themost potential photodynamic therapy (PDT)
agents in medical treatment101,102. Among these, representative compounds
include cercosporin, phleichrome, and elsinochromes. The biosynthetic
pathway of cercosporin has been elucidated, revealing the involvement of
Fe(II)/α-KG-dependent oxygenase CTB9, which catalyzes the final step in
the formation of the unusual seven-memberedmethylenedioxy bridge (ring
F) crucial for cercosporin’s structure. Remarkably, CTB9 exhibits catalytic
activity towards different PQ intermediates, leading to the formation of
novel products incorporating ring F. A berberine bridge enzyme-like oxi-
dase CTB5 and a laccase-like multicopper oxidase CTB12 are essential for
the double coupling of two naphthol intermediates, forming the per-
ylenequinone core. The two paired enzymes share homology with ElcE and
ElcG from the BGC of elsinochrome A, respectively. Reprogramming the

Fig. 6 | Examples of novel polyketide-derived
molecules produced via combinatorial biosynth-
esis via swapping tailoring enzymes. New func-
tional groups and/or structural modifications
arising from combinatorial biosynthesis are
shown in red.
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CTB BGC by introducing paired genes elcE and elcG into a Cercospora sp.
JNU001 ΔCTB6/ΔCTB5/ΔCTB12 strain yields unnatural PQs such as cer-
cosporin A 71 and its diastereoisomers that containing ring F. It is worth
noting that cercosporinA71 exhibits significantly reduceddark toxicity and
superior photostability while retaining potent photodynamic anticancer
and antimicrobial activities103. Similarly, replacing elcE and elcGwith CTB5
and CTB12 in the biosynthetic gene cluster of elsinochrome A via hetero-
logous expression experiments in A. nidulans results in the production of
two new PQs104. Furthermore, Ple6, found in the phleichrome biosynthetic
gene cluster, encodes a fasciclin protein that controlling the axial chirality of
PQ cores, particularly in the preparation of (P) helical PQs. Expression of
ple6 in a Cercospora sp. JNU001 ΔCTB9/ΔCTB10 strain leads to the pro-
duction of a new (P) helical PQ, (-)-calphostin D 72103.

Combination of fungal and non-fungal enzymes to
produce natural and unnatural natural products
Plants and bacteria are also major producers of structurally diverse and
bioactivemolecules. Combinatorial biosynthesis harnessing the potential of
both fungal andnon-fungal enzymes is an innovative strategy tobreakdown
the boundaries between species, allowing for the creation of entirely new
chemical entities with diverse structures and distinct bioactivities
(Table 1)105,106. For example, the biofuel isobutanol (364mg L−1) was
reported from S. cerevisiae cultivated under aerobic conditions using the
bacterial acetolactate synthase and fungal enzymes including a ketol-acid
reductoisomerase, a dihydroxyacid dehydratase, an α-ketoacid decarbox-
ylase, and an alcohol dehydrogenase107.

The novel chlorinated resveratrol 73 (Fig. 7), with strong antimicrobial
and antioxidant activity, was biosynthesized by co-expression of the fungal
flavin-dependent halogenase (Rdc2) with the plant resveratrol enzymes
tyrosine ammonia-lyase (TAL), 4-coumarate:CoA ligase (4CL), and stilbene
synthase (STS) in E.coli105. RadH is a homolog with a similar sequence to
Rdc2 but with a different active site architecture108. Co-expression of bac-
terial 4CL, the plant enzyme feruloyl CoA 6′-hydroxylase (F6′H), and the
fungalRadHproduced theunnatural chlorinatedhydroxycoumarin74 inE.

coli108. Another new monochlorinated anthraquinone 75 was produced by
co-expression of antA-I pathway with radH in E. coli106. These studies show
the importance of the chlorinated derivatized compounds for the improved
bioactivities106,108.

Carminic acid 76 is a C-glucosylated octaketide anthraquinone pro-
duced by the insect Dactylopius coccus and the main constituent of the
natural red food dye carmine109. The biosynthesis of carminic acid and C-
glucosylated anthraquinone (dcII), a precursor for carminic acid, requires
five-steps catalyzedby aPKS,monooxygenases, andaC-glucosyltransferase.
Heterologous production of these compounds in the fungus Aspergillus
nidulans was explored by co-expressing a type III PKS (AaOKS) from a
plant, with the bacterial cyclase and aromatase (ZhuI, ZhuJ) associated with
a Type II PKS pathway (Fig. 8). The formed flavokermesic acid anthrone
(FKA) is oxidized toflavokermesic acid (FK) andkermesic acid, catalyzedby
an unknown A. nidulans FMO or P450110. A recent study revealed that the
oxidation of FKA by A. nidulans FMO, AptC, hydroxylation of FK by
endogenous hydroxylase Cat5 from S. cerevisiae, and 4′-phospho-
pantetheinyl transferase (NpgA) from A. nidulans are essential for the
biosynthesis of carminic acid in S. cerevisiae111. Conversion to dcII was
achieved using the D. coccus C-glucosyltransferase DcUGT2 (Fig. 8)110,111.
An analogous study achieved production of dcII by transient expression in
Nicotiana benthamiana with AaOKS, ZhuI, ZhuJ, and DcUGT2 genes,
aided by unknown plant monooxygenases112.

The cholesterol-lowering drug pravastatin 77 can be produced by
stereoselective hydroxylation of the natural product compactin. By intro-
ducing the entire compactin BGC from Penicillium citrinum into P. chry-
sogenum with a new bacterial cytochrome P450 (CYP105AS1) from
Amycolatopsis orientalis, the two-step industrial process canbe reduced to a
single step with this modified biosynthesis113.

By manipulating NRP biosynthetic pathways in fungi and incorpor-
ating non-fungal NRPS-associated enzymes, researchers have created novel
peptide derivatives, or elevated concentration of target products39. MbtH-
like proteins (MLPs) are associated with adenylation domains of NRPS
enzymes in bacteria but are not known in fungi. MLP increases the folding,

Table 1 | Summary of natural and unnatural products produced by inter-kingdom combinatorial biosynthesis studies, grouped
according to the heterologous host used

Heterologous host Fungal enzyme (and origin) Non-fungal enzyme (and
origin)

Natural/unnatural
products

Yield/mg L−1 Biological activities Ref.

E. coli Rdc2 (P. chlamydosporia) TAL (S. espanaensis); 4CL (A.
thaliana); STS (A. hypogaea)

2-chloro resveratrol 73a 7 Antioxidant, anti-
fungal, antibacterial

105

E. coli RadH (C. chiversii) TAL (S. espanaensis); 4CL (S.
coelicolor);
F6′H (I. batatas)

8-chloro-7- hydro-
xycoumarin 74

1.1 NR 108

E. coli RadH (C. chiversii) AntA-I
(P. luminescens)

Neo-chaetomycin 75a 0.73 NR 106

P. chrysogenum MlcA-H, MlcR CYP105AS1
(A. orientalis)

Pravastatin 77 6000 Cholesterol lowering 113

A. oryzae grifolic acid synthases (S. bisbyi) DCAS (R. dauricum) daurichromenic acid 78 1.23 Anti-HIV, antibacterial 114,131

A. oryzae grifolic acid synthases (S. bis-
byi);
AscD (Fusarium sp.)

DCAS (R. dauricum) 5-chloro daurichromenic
acid 79a

2.06 antibacterial 114

S. cerevisiae AptC (A. nidulans);
Cat5 (S. cerevisiae)

AaOKS
(A. arborescens);
ZhuI and ZhuJ (Streptomyces
sp);
DcUGT2 (D. Coccus)

carminic acid 76 7.58 NR 111

S. cerevisiae CrtI, CrtYB, CrtS
(X. dendrorhous)

CrtW
(Paracoccus sp.);
crtZ (P. ananatis)

Astaxanthin 81 29 μg g−1 Antioxidant 115

S. cerevisiae native enzymes for mevalonate
pathway (S. cerevisiae);
CrtE (X. dendrorhous)

MvaS, MvaE
(E. faecalis);
TASY (T. cuspidate)

Taxadiene 82 215 NR 118–120

NR not reported.
aNovel compounds biosynthesized with fungal and non-fungal enzymes.
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stability, adenylation activity, and solubility of NRPS enzyme in bacteria.
The transformation of MLPs into P. chrysogenum increased the con-
centration of penicillin and other intermediates in the biosynthetic
pathway39.

Fungal hosts like Aspergillus have been engineered to produce hybrid
terpenoids by introducing non-fungal terpene synthases114. The hetero-
logous production of daurichromenic acid 78 (DCA) and a novel com-
pound 5-chloro daurichromenic acid 79 in A. oryzae was reported. The
intermediate compound of 5-chloro grifolic acid 80 is produced by the
combination of fungal grifolic acid synthases (StbA, a PKS; StbC, a UbiA-
like prenyltranferase) and a halogenase (AscD). The plant DCA synthase
conducts the 6-endo-trigWacker-type cyclization to yield 79 (Fig. 7). This
chlorinated DCA shows enhanced antibacterial activity against Gram-
positive bacteria114 (Table 1).

The red carotenoid astaxanthin is distributed in fish, birds, algae, and
yeast; it is used as pigmentation source and shows high antioxidant activity.
The genes encoding a desaturase (crtI), bifunctional phytoene synthase/
lycopene cyclase (crtYB), astaxanthin synthase (crtS), and a cytochrome
P450 reductase (crtR) from red yeast Xanthophyllomyces dendrorhous were
expressed in S. cerevisiae. This led to the production of a low amount of
astaxanthin 81. However, introducing bacterial genes encoding β-carotene
ketolase (crtW) andhydroxylase (crtZ) accumulatedmuchmore astaxanthin
relative to the transformant co-expressing crtS and crtR115,116 (Table 1).

The complex diterpenoid drug paclitaxel (Taxol) is used for the
treatmentof ovarian cancer yet needs tobe extracted from thebarkofPacific
yew (Taxus brevifolia). The destruction of three mature trees yields just 1 g

of paclitaxel117. Heterologous expression of the complex biosynthetic
pathway using S. cerevisiae host could provide a sustainable solution. The
biosynthesis of taxadiene82, thefirstmetabolite ofTaxol is achievedbyyeast
(S. cerevisiae and Xanthophyllomyces dendrorhous), bacteria (Enterococcus
faecalis) and plant (Taxus cuspidate) genes. Geranylgeranyl diphosphate
(GGPP) produced by yeast and bacterial genes via themevalonate pathway,
is cyclized by the taxadiene synthase (TASY) from Taxus cuspidate118.
Several studies show the optimization and improved production of 82 and
other oxygenated and acylated Taxol precursors in S. cerevisiae118–120, for
example S. cerevisiae KM32 strain could produce 215mg L−1 of 82120

(Table 1).

Outlook
The evolutionary origins of fungal biosynthetic pathways indicate natural
deviations in gene transcription,DNArepair, gene loss andduplication, and
horizontal gene transfer leading to a constant state of chemical flux and
expanded chemodiversity121. Similarly, many fungal biosynthetic pathways
produce more than one natural product, often referred to as intermediates
or shunt metabolites, suggesting that combinatorial biosynthesis naturally
occurs within the cell122. This is further exemplified by branching and
converging biosynthetic pathways frequently found in fungi123, implying
that currently elucidated pathways will continue to evolve and produce
variants of known natural products.

As the cost of genome sequencing and synthetic DNA continue to
decrease, more chassis organisms and synthetic biology tools are developed
for investigating fungal BGCs124,125, and advances in artificial intelligence

Fig. 7 | Compounds synthesized by combining fungal and non-fungal enzymes. The substituted group or modification in the structure by the non-fungal enzymes are
highlighted in red. Compounds 73–77 are polyketides and 78–82 are terpenoids.

Fig. 8 | Proposed combinatorial biosynthesis pathway of carminic acid in S.
cerevisiae. KS Type III PKS (AaOKS) from A. arborescens, NpgA 4′-phospho-
pantetheinyl transferase from A. nidulans, CYC cyclase (Zhul) from Streptomyces

sp., ARO aromatase (ZhuJ) from Streptomyces sp, GT C-glucosyltransferase
(DcUGT2) fromD. coccus, FMO flavin-dependent monooxygenase (AptC) from A.
nidulans, OX hydroxylase (Cat5) from S. cerevisiae.
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and machine learning continue to emerge126–128, certainly a greater number
of fungal genomes will be mined129, and the encoded biosynthetic pathways
can be investigated more rapidly. This ultimately will lead to a better
understanding of the full repertoire of natural products produced by an
individual fungus andenable accelerated combinatorial biosynthesis leading
to libraries of molecules with desired structural modifications.

Although combinatorial biosynthesis provides a viable alternative to
complex multi-step chemical synthesis and the inevitable scale-up required,
there are still many challenges ahead, similar to those observed for bacterial
biosynthetic enzymes10,130. Currently, painstaking studies contrasting and
modifying similar systems have been the driving force for revealing the
chemical logic within these systems. In some instances, these studies have
highlighted that only sub-domain regions are required for re-directing the
product profile, perhaps indicating the precision engineering of domains
maybemore effective thandrastic domain replacements21,42,44,60,72. Regardless
of the approach taken, fundamental understanding of how active sites are
occupied in different megasynth(et)ases and how competing catalytic cycles
are regulated will be required to successfully redirect intermediates to arti-
ficial domains for unnatural processing. Similarly, a deeper understanding of
how mature products are retained or released from native enzymes is
essential for successfully controlling product release in chimeric systems.
Furthermore, how different enzyme types co-ordinate at the domain and
megasynth(et)ase level, and with tailoring enzymes, must be explored in
much greater detail. While structural biology tools and biochemical assays
may help answer some of these outstanding questions at the domain level,
techniques to work with complete intact megasynth(et)ases are still lacking
due to the challenging size of these systems. Likewise, understanding loca-
lization and inter-cellular trafficking of multiple co-ordinating biosynthetic
enzymes in native hosts will probably reveal additional considerations for
ensuring efficiency in non-native cellular environments.

Received: 21 January 2024; Accepted: 8 April 2024;

References
1. Cueto, M. et al. Pestalone, a new antibiotic produced by a marine

fungus in response to bacterial challenge. J. Nat. Prod. 64,
1444–1446 (2001).

2. Youssef, N., Wyborn, C. H. E. & Holt, G. Antibiotic production by
dermatophyte fungi. J. Gen. Microbiol. 105, 105–111 (1978).

3. Pahl, H. L. et al. The immunosuppressive fungal metabolite gliotoxin
specifically inhibits transcription factor NF-kappaB. J. Exp. Med.
183, 1829–1840 (1996).

4. El-Sayed, E. S. R., Ahmed, A. S. & Ismaiel, A. A. Agro-industrial
byproducts for production of the immunosuppressant
mycophenolic acid by Penicillium roqueforti under solid-state
fermentation: enhanced production by ultraviolet and gamma
irradiation. Biocatal. Agric. Biotechnol. 18, 101015 (2019).

5. Chandra, S. Endophytic fungi: novel sources of anticancer lead
molecules. Appl. Microbiol. Biotechnol. 95, 47–59 (2012).

6. Evidente, A. et al. Fungal metabolites with anticancer activity. Nat.
Prod. Rep. 31, 617–627 (2014).

7. Keller, N. P. Fungal secondary metabolism: regulation, function and
drug discovery. Nat. Rev. Microbiol. 17, 167–180 (2019).

8. Hyde, K. D. et al. The amazing potential of fungi: 50 ways we can
exploit fungi industrially. Fungal Divers. 97, 1–136 (2019).

9. deMattos-Shipley, K.M. J. et al. Thegood, the badand the tasty: the
many roles of mushrooms. Stud. Mycol. 85, 125–157 (2016).

10. Floss, H. G. Combinatorial biosynthesis-potential and problems. J.
Biotechnol. 124, 242–257 (2006).

11. Klaus, M. & Grininger, M. Engineering strategies for rational
polyketide synthase design. Nat. Prod. Rep. 35, 1070–1081 (2018).

12. Chooi, Y. H. & Tang, Y. Navigating the fungal polyketide chemical
space: fromgenes tomolecules. J.Org.Chem.77, 9933–9953 (2012).

13. Cox, R. J. Polyketides, proteins and genes in fungi: programmed
nano-machines begin to reveal their secrets.Org. Biomol. Chem. 5,
2010–2022 (2007).

14. Crawford, J. M., Dancy, B. C. R., Hill, E. A., Udwary, D. W. &
Townsend, C. A. Identification of a starter unit acyl-carrier protein
transacylase domain in an iterative type I polyketide synthase.Proc.
Natl Acad. Sci. USA 103, 16728–16733 (2006).

15. Huitt-Roehl, C. R. et al. Starter unit flexibility for engineered product
synthesis by the nonreducing polyketide synthase PksA. ACS
Chem. Biol. 10, 1443–1449 (2015).

16. Liu, Q. et al. Didepside formation by the nonreducing polyketide
synthase Preu6 of Preussia isomera requires interaction of starter
acyl transferase and thioesterase domains. Angew. Chem. Int. Ed.
62, e202214379 (2023).

17. Liu, T., Chiang, Y. M., Somoza, A. D., Oakley, B. R. &Wang, C. C. C.
Engineering of an ‘unnatural’ natural product by swapping
polyketide synthase domains in Aspergillus nidulans. J. Am. Chem.
Soc. 133, 13314–13316 (2011).

18. Crawford, J. M. et al. Deconstruction of iterative multidomain
polyketide synthase function. Science 320, 243–246 (2008).

19. Crawford, J.M. et al. Structural basis for biosynthetic programming of
fungal aromaticpolyketidecyclization.Nature461, 1139–1143 (2009).

20. Li, Y., Xu, W. & Tang, Y. Classification, prediction, and verification of
the regioselectivity of fungal polyketide synthase product template
domains. J. Biol. Chem. 285, 22764–22773 (2010).

21. Xu, Y. et al. Rational reprogramming of fungal polyketide first-ring
cyclization. Proc. Natl Acad. Sci. USA 110, 5398–5403 (2013).

22. Storm, P. A., Pal, P., Huitt-Roehl, C. R. & Townsend, C. A. Exploring
fungal polyketide C-methylation through combinatorial domain
swaps. ACS Chem. Biol. 13, 3043–3048 (2018).

23. Vagstad, A. L., Hill, E. A., Labonte, J. W. & Townsend, C. A.
Characterization of a fungal thioesterase having claisen cyclase and
deacetylase activities in melanin biosynthesis. Chem. Biol. 19,
1525–1534 (2012).

24. Xu, Y. et al. Thioesterase domains of fungal nonreducing polyketide
synthases act as decision gates during combinatorial biosynthesis.
J. Am. Chem. Soc. 135, 10783–10791 (2013).

25. Liu,Q. et al. Cloningand functional characterizationof thepolyketide
synthases based on genome mining of Preussia isomera XL-1326.
Front. Microbiol. 13, 819086 (2022).

26. Vagstad, A. L. et al. Combinatorial domain swaps provide insights
into the rules of fungal polyketide synthase programming and the
rational synthesis of non-native aromatic products. Angew. Chem.
Int. Ed. 52, 1718–1721 (2013).

27. Liu, T., Sanchez, J. F., Chiang, Y. M., Oakley, B. R. &Wang, C. C. C.
Rational domain swaps reveal insights about chain length control by
ketosynthase domains in fungal nonreducing polyketide synthases.
Org. Lett. 16, 1676–1679 (2014).

28. Löhr, N. A. et al. The ketosynthase domain controls chain length in
mushroom oligocyclic polyketide synthases. ChemBioChem 24,
e202200649 (2023).

29. Newman, A. G., Vagstad, A. L., Storm, P. A. & Townsend, C. A.
Systematic domain swaps of iterative, nonreducing polyketide
synthases provide a mechanistic understanding and rationale for
catalytic reprogramming. J. Am.Chem.Soc.136, 7348–7362 (2014).

30. Cox, R. J. Curiouser and curiouser: progress in understanding the
programming of iterative highly-reducing polyketide synthases.Nat.
Prod. Rep. 40, 9–27 (2023).

31. Zhu, X., Yu, F., Bojja, R. S., Zaleta-Rivera, K. & Du, L. Functional
replacement of the ketosynthase domain of FUM1 for the
biosynthesisof fumonisins, agroupof fungal reducedpolyketides.J.
Ind. Microbiol. Biotechnol. 33, 859–868 (2006).

32. Zhu,X., Yu, F., Li, X.C.&Du, L.Productionof dihydroisocoumarins in
Fusarium verticillioides by swapping ketosynthase domain of the

https://doi.org/10.1038/s42004-024-01172-9 Review article

Communications Chemistry |            (2024) 7:89 12



fungal iterative polyketide synthase Fum1p with that of lovastatin
diketide synthase. J. Am. Chem. Soc. 129, 36–37 (2007).

33. Huang,Y., Hoefgen,S.&Valiante,V.Biosynthesisof fungal drimane-
Type sesquiterpene esters.Angew.Chem. Int. Ed. 60, 23763–23770
(2021).

34. Xu, Y. et al. Diversity-oriented combinatorial biosynthesis of
benzenediol lactonescaffoldsbysubunit shufflingof fungalpolyketide
synthases. Proc. Natl Acad. Sci. USA 111, 12354–12359 (2014).

35. Bai, J. et al. Diversity-oriented combinatorial biosynthesis of hybrid
polyketide scaffolds from azaphilone and benzenediol lactone
biosynthons. Org. Lett. 18, 1262–1265 (2016).

36. Wang, C. et al. Intrinsic and extrinsic programming of product chain
length and release mode in fungal collaborating iterative polyketide
synthases. J. Am. Chem. Soc. 142, 17093–17104 (2020).

37. Frisvad, J. C., Smedsgaard, J., Larsen, T. O. & Samson, R. A.
Mycotoxins, drugs and other extrolites produced by species in
Penicillium subgenus Penicillium. Stud. Mycol. 49, 201–241 (2004).

38. Dang,T.&Süssmuth,R.D.Bioactivepeptidenatural productsas lead
structures for medicinal Use.Acc. Chem. Res. 50, 1566–1576 (2017).

39. Zwahlen, R. D., Pohl, C., Bovenberg, R. A. L. & Driessen, A. J. M.
Bacterial MbtH-like proteins stimulate nonribosomal peptide
synthetase-derived secondary metabolism in filamentous fungi.
ACS Synth. Biol. 8, 1776–1787 (2019).

40. Zhang, L. et al. Engineering the biosynthesis of fungal nonribosomal
peptides. Nat. Prod. Rep. 40, 62–88 (2023).

41. Yu, D., Xu, F., Zhang, S. & Zhan, J. Decoding and reprogramming
fungal iterative nonribosomal peptide synthetases.Nat. Commun. 8,
15349 (2017).

42. Berry, D. et al. Efficient nonenzymatic cyclization and domain
shuffling drive pyrrolopyrazine diversity from truncated variants of a
fungal NRPS. Proc. Natl Acad. Sci. USA 116, 25614–25623 (2019).

43. Steiniger, C. et al. Harnessing fungal nonribosomal
cyclodepsipeptide synthetases formechanistic insights and tailored
engineering. Chem. Sci. 8, 7834–7843 (2017).

44. Steiniger, C., Hoffmann, S. & Süssmuth, R. D. Probing exchange
units for combining Iterative and linear fungal nonribosomal peptide
synthetases. Cell Chem. Biol. 26, 1526–1534 (2019).

45. Yu, D., Xu, F., Gage, D. & Zhan, J. Functional dissection andmodule
swappingof fungal cyclooligomer depsipeptide synthetases.Chem.
Commun. 49, 6176–6178 (2013).

46. Zobel, S. et al. Reprogramming the biosynthesis of
cyclodepsipeptide synthetases to obtain new enniatins and
beauvericins. ChemBioChem 17, 283–287 (2016).

47. Steiniger, C., Hoffmann, S. & Süssmuth, R. D. Desymmetrization of
cyclodepsipeptides by assembly mode switching of iterative
nonribosomal peptide synthetases. ACS Synth. Biol. 8,
661–667 (2019).

48. Noriler, S., Navarro-Muñoz, J. C., Glienke, C. & Collemare, J.
Evolutionary relationships of adenylation domains in fungi.
Genomics 114, 110525 (2022).

49. Sun, W. W., Guo, C. J. & Wang, C. C. C. Characterization of the
product of a nonribosomal peptide synthetase-like (NRPS-like) gene
using the doxycycline dependent Tet-on system in Aspergillus
terreus. Fungal Genet. Biol. 89, 84–88 (2016).

50. Guo, C. J. et al. Spatial regulation of a common precursor from two
distinct genes generates metabolite diversity. Chem. Sci. 6,
5913–5921 (2015).

51. Geib, E. et al. A non-canonical melanin biosynthesis pathway
protects Aspergillus terreus Conidia from environmental stress.Cell
Chem. Biol. 23, 587–597 (2016).

52. Guo, C. J. et al. Application of an efficient gene targeting system
linking secondary metabolites to their biosynthetic genes in
Aspergillus terreus. Org. Lett. 15, 3562–3565 (2013).

53. Hühner, E., Backhaus, K., Kraut, R. & Li, S. M. Production of α-keto
carboxylic acid dimers in yeast by overexpression of NRPS-like

genes from Aspergillus terreus. Appl. Microbiol. Biotechnol. 102,
1663–1672 (2018).

54. Van Dijk, J. W. A., Guo, C. J. & Wang, C. C. C. Engineering fungal
nonribosomal peptide synthetase-like enzymes by heterologous
expression and domain swapping.Org. Lett. 18, 6236–6239 (2016).

55. Hühner, E., Öqvist, K. & Li, S. M. Design of α-keto carboxylic acid
dimers by domain recombination of Nonribosomal Peptide
Synthetase (NRPS)-like enzymes. Org. Lett. 21, 498–502 (2019).

56. Fisch, K. M. Biosynthesis of natural products by microbial iterative
hybrid PKS-NRPS. RSC Adv. 3, 18228–18247 (2013).

57. Boettger, D. & Hertweck, C. Molecular diversity sculpted by fungal
PKS-NRPS hybrids. ChemBioChem 14, 28–42 (2013).

58. Yun, C. S., Motoyama, T. &Osada, H. Biosynthesis of themycotoxin
tenuazonic acid by a fungal NRPS-PKS hybrid enzyme. Nat.
Commun. 6, 8758 (2015).

59. Fisch, K. M. et al. Rational domain swaps decipher programming in
fungal highly reducing polyketide synthases and resurrect an extinct
metabolite. J. Am. Chem. Soc. 133, 16635–16641 (2011).

60. Yang, X. L. et al. Molecular basis of methylation and chain-length
programming in a fungal iterative highly reducing polyketide
synthase. Chem. Sci. 10, 8478–8489 (2019).

61. Xu,W.,Cai, X., Jung,M.E.&Tang,Y.Analysisof intact anddissected
fungal polyketide synthase-nonribosomal peptide synthetase
in vitro and in saccharomyces cerevisiae. J. Am. Chem. Soc. 132,
13604–13607 (2010).

62. Kakule, T. B., Lin, Z. & Schmidt, E. W. Combinatorialization of fungal
polyketide synthase-peptide synthetase hybrid proteins. J. Am.
Chem. Soc. 136, 17882–17890 (2014).

63. Nielsen, M. L. et al. Linker flexibility facilitates module exchange in
fungal hybrid PKS-NRPS engineering. PLoS One 11,
e0161199 (2016).

64. Boettger, D., Bergmann, H., Kuehn, B., Shelest, E. & Hertweck, C.
Evolutionary imprint of catalytic domains in fungal PKS-NRPS
hybrids. ChemBioChem 13, 2363–2373 (2012).

65. Motoyama, T. et al. Fungal NRPS-PKS hybrid enzymes
biosynthesize new γ-Lactam compounds, taslactams A-D,
analogous to actinomycete proteasome inhibitors.ACSChem. Biol.
18, 396–403 (2023).

66. Quin,M.B., Flynn,C.M.&Schmidt-Dannert,C. Traversing the fungal
terpenome. Nat. Prod. Rep. 31, 1449–1473 (2014).

67. Qin, B. et al. An Unusual Chimeric Diterpene Synthase from
Emericella variecolor and its functional conversion into a
sesterterpenesynthasebydomain swapping.Angew.Chem. Int. Ed.
55, 1658–1661 (2016).

68. Chen, T. H. et al. The biosynthetic gene cluster of mushroom-
derived antrocin encodes two dual-functional haloacid
dehalogenase-like terpene cyclases. Angew. Chem. Int. Ed. 62,
e202215566 (2023).

69. Skellam, E. Biosynthesis of fungal polyketides by collaborating and
trans-acting enzymes. Nat. Prod. Rep. 39, 754–783 (2022).

70. Heneghan, M. N. et al. The programming role of trans-acting enoyl
reductases during the biosynthesis of highly reduced fungal
polyketides. Chem. Sci. 2, 972–979 (2011).

71. Kahlert, L., Villanueva, M., Cox, R. J. & Skellam, E. J. Biosynthesis of
6-hydroxymellein requires a collaborating polyketide synthase-like
enzyme. Angew. Chem. Int. Ed. 60, 11423–11429 (2021).

72. Kahlert, L. et al. Early oxidative transformations during the
biosynthesis of terrein and related natural products. Chem. Eur. J.
27, 11895–11903 (2021).

73. Xie, X., Meehan, M. J., Xu, W., Dorrestein, P. C. & Tang, Y.
Acyltransferase mediated polyketide release from a fungal
megasynthase. J. Am. Chem. Soc. 131, 8388–8389 (2009).

74. Zabala, A. O., Chooi, Y. H., Choi, M. S., Lin, H. C. & Tang, Y. Fungal
polyketide synthase product chain-length control by partnering
thiohydrolase. ACS Chem. Biol. 9, 1576–1586 (2014).

https://doi.org/10.1038/s42004-024-01172-9 Review article

Communications Chemistry |            (2024) 7:89 13



75. Li, Y.,Chooi, Y.H., Sheng,Y., Valentine, J. S. &Tang,Y.Comparative
characterization of fungal anthracenone and naphthacenedione
biosynthetic pathways reveals an α-hydroxylation-dependent
claisen-like cyclization catalyzed by a dimanganese thioesterase. J.
Am. Chem. Soc. 133, 15773–15785 (2011).

76. Tang,M.C., Zou, Y.,Watanabe, K.,Walsh,C. T. & Tang, Y. Oxidative
cyclization in natural product biosynthesis. Chem. Rev. 117,
5226–5333 (2017).

77. Tsukada, K. et al. Synthetic biology based construction of biological
activity-related library of fungal decalin-containing diterpenoid
pyrones. Nat. Commun. 11, 1830 (2020).

78. Li, L. & Cox, R. J. Stereochemical and biosynthetic rationalisation of
the tropolone sesquiterpenoids. J. Fungi 8, 929 (2022).

79. Schotte, C., Li, L., Wibberg, D., Kalinowski, J. & Cox, R. J. Synthetic
biology driven biosynthesis of unnatural tropolone
sesquiterpenoids. Angew. Chem. Int. Ed. 59, 23870–23878 (2020).

80. Li, X. Y. et al. Biosynthetic characterization of the antifungal fernane-
type triterpenoid polytolypin for generation of new analogues via
combinatorial biosynthesis.Org.Biomol.Chem.21, 851–857 (2023).

81. Lin, H. C. et al. Generation of complexity in fungal terpene
biosynthesis: discovery of a multifunctional cytochrome P450 in the
fumagillin pathway. J. Am. Chem. Soc. 136, 4426–4436 (2014).

82. Tang,M.C., Shen,C., Deng, Z., Ohashi,M. & Tang, Y. Combinatorial
biosynthesis of terpenoids through mixing-and-matching
sesquiterpene cyclase and cytochrome P450 Pairs. Org. Lett. 24,
4783–4787 (2022).

83. Rao, L., Yuan, G. Y., Chen, X. Y., Ran, J. L. & Zou, Y. Reshaping the
diversity of oxidized polyquinane sesquiterpenoids by cytochrome
P450s. Org. Lett. 25, 3276–3280 (2023).

84. Wei, Q., Zeng, H. C. & Zou, Y. Divergent biosynthesis of fungal
dioxafenestrane sesquiterpenes by the cooperation of distinctive
Baeyer-Villiger monooxygenases and α-ketoglutarate-dependent
dioxygenases. ACS Catal. 11, 948–957 (2021).

85. Tanaka, S., Wada, K., Marumo, S. & Hattori, H. Structure of
sporogen-ao 1, a sporogenic substance of aspergillus oryzae.
Tetrahedron Lett. 25, 5907–5910 (1984).

86. Dubey, M. K. et al. PR Toxin - biosynthesis, genetic regulation,
toxicological potential, prevention and control measures: Overview
and challenges. Front. Pharmacol. 9, 288 (2018).

87. Sun, Y. et al. Rapid discovery of terpene tailoring enzymes for total
biosynthesis. Chem. Sci. 14, 13463–13467 (2023).

88. Shahidi, N. T. A reviewof thechemistry, biological action, andclinical
applications of anabolic-androgenic steroids. Clin. Ther. 23,
1355–1390 (2001).

89. Felpeto-Santero, C., Galán, B. & García, J. L. Production of 11α-
hydroxysteroids from sterols in a single fermentation step by
Mycolicibacterium smegmatis.Microb. Biotechnol. 14,
2514–2524 (2021).

90. Li, S., Chang, Y., Liu, Y., Tian, W. & Chang, Z. A novel steroid
hydroxylase from Nigrospora sphaerica with various hydroxylation
capabilities to different steroid substrates. J. Steroid Biochem. Mol.
Biol. 227, 106236 (2023).

91. Wang, C. et al. Investigating the function of cryptic cytochalasan
cytochrome P450 monooxygenases using combinatorial
biosynthesis. Org. Lett. 21, 8756–8760 (2019).

92. Itoh, H. et al. Biosynthesis of Novel Statins by combining
heterologous genes fromXylaria andAspergillus.ACSSynth. Biol. 7,
2783–2789 (2018).

93. Zhao, H. et al. Aurovertin-type polyketides from calcarisporium
arbuscula with potent cytotoxic activities against triple-negative
breast cancer. Helv. Chim. Acta 99, 543–546 (2016).

94. Cao, F. et al. A target and efficient synthetic strategy for structural
and bioactivity optimization of a fungal natural product. Eur. J. Med.
Chem. 229, 114067 (2022).

95. Wang, X. et al. Rational reprogramming of O-methylation
regioselectivity for combinatorial biosynthetic tailoring of benzenediol
lactone scaffolds. J. Am. Chem. Soc. 141, 4355–4364 (2019).

96. Xie, L. et al. Combinatorial biosynthesis of sulfated benzenediol
lactones with a phenolic sulfotransferase from Fusarium
graminearum PH-1.mSphere 5, e00949–20 (2020).

97. Xie, L. et al. Methylglucosylation of aromatic amino and phenolic
moieties of drug-like biosynthons by combinatorial biosynthesis.
Proc. Natl Acad. Sci. USA 115, e4980–e4989 (2018).

98. Xie, L. et al. Methylglucosylation of phenolic compounds by fungal
glycosyltransferase-methyltransferase functionalmodules. J. Agric.
Food Chem. 67, 8573–8580 (2019).

99. Meng, J. et al. Sorbicillinoids from fungi and their bioactivities.
Molecules 21, 715 (2016).

100. Kahlert, L., Cox, R. J. & Skellam, E. The same but different: multiple
functions of the fungal flavin dependent monooxygenase SorD from
Penicillium chrysogenum.Chem. Commun. 56, 10934–10937 (2020).

101. Olivo, M. & Ali-Seyed, M. Apoptosis signalling mechanisms in
human cancer cells induced by Calphostin-PDT. Int. J. Oncol. 30,
537–548 (2007).

102. Li, Y. T. et al. Axial chiral binaphthoquinone and perylenequinones
from the stromata of Hypocrella bambusae are SARS-CoV-2 entry
inhibitors. J. Nat. Prod. 84, 436–443 (2021).

103. Su, Z. et al. Synthetic biology-based construction of unnatural
perylenequinones with improved photodynamic anticancer
activities. Angew. Chem. Int. Ed. 63, e202317726 (2024).

104. Hu, J. et al. Heterologousbiosynthesis of elsinochromeAsheds light
on the formation of the photosensitive perylenequinone system.
Chem. Sci. 10, 1457–1465 (2019).

105. Wang, S. et al. Metabolic engineering of Escherichia coli for the
biosynthesis of various phenylpropanoid derivatives.Metab. Eng.
29, 153–159 (2015).

106. Cummings, M. et al. Assembling a plug-and-play production line for
combinatorial biosynthesis of aromatic polyketides in Escherichia
coli. PLoS Biol. 17, e3000347 (2019).

107. Gambacorta, F. V. et al. Combinatorial library design for improving
isobutanol production in Saccharomyces cerevisiae. Front. Bioeng.
Biotechnol. 10, 1080024 (2022).

108. Menon, B. R. K. et al. RadH: a versatile halogenase for integration into
synthetic pathways. Angew. Chem. Int. Ed. 56, 11841–11845 (2017).

109. Kannangara, R. et al. Characterization of a membrane-bound C-
glucosyltransferase responsible for carminic acid biosynthesis in
Dactylopius coccus Costa. Nat. Commun. 8, 1987 (2017).

110. Frandsen, R. J. N. et al. Heterologous production of the widely used
natural food colorant carminic acid inAspergillus nidulans. Sci. Rep.
8, 12853 (2018).

111. Zhang, Q. et al. De novo biosynthesis of carminic acid in
Saccharomyces cerevisiae.Metab. Eng. 76, 50–62 (2023).

112. Andersen-Ranberg, J. et al. Synthesis of C-glucosylated octaketide
anthraquinones in Nicotiana benthamiana by using a multispecies-
based biosynthetic pathway.ChemBioChem 18, 1893–1897 (2017).

113. McLean, K. J. et al. Single-step fermentative production of the
cholesterol-lowering drug pravastatin via reprogramming of
Penicillium chrysogenum. Proc. Natl Acad. Sci. USA 112,
2847–2852 (2015).

114. Okada, M. et al. Combinatorial biosynthesis of (+)-daurichromenic
acid and its halogenated analogue.Org. Lett. 19, 3183–3186 (2017).

115. Ukibe, K., Hashida, K., Yoshida, N. & Takagi, H. Metabolic
engineering of Saccharomyces cerevisiae for astaxanthin
production and oxidative stress tolerance. Appl. Environ. Microbiol.
75, 7205–7211 (2009).

116. Cunningham, F. X. & Gantt, E. Elucidation of the pathway to
astaxanthin in the flowers of Adonis aestivalis. Plant Cell 23,
3055–3069 (2011).

https://doi.org/10.1038/s42004-024-01172-9 Review article

Communications Chemistry |            (2024) 7:89 14



117. McElroy, C. & Jennewein, S. Taxol® biosynthesis and production:
from forests to fermenters. In Biotechnology of Natural Products
(eds. Schwab, W., Lange, B. & Wüst, M.) 145–185 (Springer Int.
Publ., 2018).

118. Nowrouzi, B. et al. Enhanced production of taxadiene in
Saccharomyces cerevisiae.Microb. Cell Fact. 19, 200 (2020).

119. Walls, L. E. et al. Optimizing the biosynthesis of oxygenated and
acetylated Taxol precursors in Saccharomyces cerevisiae using
advanced bioprocessing strategies. Biotechnol. Bioeng. 118,
279–293 (2021).

120. Malcı, K. et al. Improved production of Taxol® precursors in S.
cerevisiae using combinatorial in silico design and metabolic
engineering.Microb. Cell Fact. 22, 243 (2023).

121. Lind, A. L. et al. Drivers of genetic diversity in secondary metabolic
gene clusters within a fungal species. PLoS Biol. 15, e2003583
(2017).

122. Gober, R., Wheeler, R. & Rohr, J. Post-PKS enzyme complexes.
Med. Chem. Commun. 10, 1855–1866 (2019).

123. Wei, X., Wang, W. G. & Matsuda, Y. Branching and converging
pathways in fungal natural product biosynthesis. Fungal Biol.
Biotechnol. 9, 6 (2022).

124. Boecker, S., Zobel, S., Meyer, V. & Süssmuth, R. D. Rational
biosynthetic approaches for the production of new-to-nature
compounds in fungi. Fungal Genet. Biol. 89, 89–101 (2016).

125. Meng, X. et al. Developing fungal heterologous expressionplatforms
to explore and improve the production of natural products from
fungal biodiversity. Biotechnol. Adv. 54, 107866 (2022).

126. Mullowney, M.W. et al. Artificial intelligence for natural product drug
discovery. Nat. Rev. Drug Discov. 22, 895–916 (2023).

127. Hu, G. & Qiu, M. Machine learning-assisted structure annotation of
natural products based on MS and NMR data. Nat. Prod. Rep. 40,
1735–1753 (2023).

128. Yuan, Y., Shi, C. & Zhao, H. Machine learning-enabled genome
mining and bioactivity prediction of natural products. ACS Synth.
Biol. 12, 2650–2662 (2023).

129. Chiang, C. Y., Ohashi, M. & Tang, Y. Deciphering chemical logic of
fungal natural product biosynthesis through heterologous
expression and genome mining. Nat. Prod. Rep. 40, 89–127 (2022).

130. Malico, A. A., Nichols, L. &Williams, G. J. Synthetic biology enabling
access to designer polyketides. Curr. Opin. Chem. Biol. 58,
45–53 (2020).

131. Kashiwada, Y. et al. Isolation of rhododaurichromanic acidB and the
anti-HIV principles rhododaurichromanic acid A and
rhododaurichromenic acid from Rhododendron dauricum.
Tetrahedron 57, 1559–1563 (2001).

Acknowledgements
This work was financially supported by UNT Department of Chemistry and
BioDiscovery Institute start-up funds, the National Science Foundation
(NSF; award number 2048347) and the W. M. Keck Foundation.

Author contributions
E.S. defined the scope of the review, wrote sections, prepared figures,
edited, proofread. S.R. and L.L. also contributed to writing, preparing
figures/tables, editing, and proof-reading.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-024-01172-9.

Correspondence and requests for materials should be addressed to
Elizabeth Skellam.

Peer review information Communications Chemistry thanks the
anonymous reviewers for their contribution to the peer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42004-024-01172-9 Review article

Communications Chemistry |            (2024) 7:89 15

https://doi.org/10.1038/s42004-024-01172-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combinatorial biosynthesis for the engineering of novel fungal natural products
	Combinatorial biosynthesis of megasynth(et)ases
	Polyketide synthases�(PKS)
	NR-PKS domain�swaps
	HR-PKS domain�swaps
	PKS Module�Swaps
	Non-ribosomal peptide synthetases�(NRPS)
	NRPS domain�swaps
	NRPS module�swaps
	Domain swaps in NRPS-like enzymes
	PKS-NRPS and NRPS-PKS
	PKS-NRPS domain�swaps
	PKS-NRPS module�swaps
	NRPS-PKS domain�swaps
	Terpene synthase (TS) domain�swaps
	Trans-acting enzyme�swaps

	Combinatorial biosynthesis of tailoring enzymes
	Novel meroterpenoids and sterols
	Novel polyketide derivatives

	Combination of fungal and non-fungal enzymes to produce natural and unnatural natural products
	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




