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Polyketides constitute a vast family of structurally and functionally diverse natural products that underpin numerous

pharmaceuticals, nutraceuticals, and materials. Among them, fungal typve I iterative polyketide synthases (iPKSs)

orchestrate highly programmable catalytic cycles that transform simple acyl-CoA precursors into architecturally

complex molecules. Understanding the programming logic of these multidomain enzymes has revealed how

chain-extension, reduction, and cyclization patterns are encoded, offering a foundation for rational pathway

engineering. Recent advances in structural biology, cryo-electron microscopy (cryo-EM) analysis, and

computational modelling have clarified the conformational dynamics of iPKSs and their collaborating enzymes,

while combinatorial biosynthetic strategies now enable the creation of non-natural scaffolds and expanded

chemical diversity. Parallel progress in fungal and yeast cell-factory engineering—spanning metabolic rewiring,

organelle compartmentalization, and dynamic control—has substantially improved the efficiency and scalability

of polyketide production. This review integrates mechanistic insights with biotechnological innovation,

highlighting emerging rules for programmable PKS design and discussing future directions toward AI-assisted,

high-throughput platforms for sustainable industrial biosynthesis of fungal polyketides.
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1. Introduction

Natural products constitute a major source of structurally
diverse small molecules that continue to inspire drug discovery
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and chemical biology.1,2 Analyses of approved small-molecule
therapeutics over the past four decades consistently show that
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a substantial fraction are either unmodied natural products,
close analogues or inspired by natural product scaffolds, high-
lighting the enduring impact of nature-derived chemotypes on
modern medicine and agrochemistry.3–5 Among these, poly-
ketides represent one of the most prolic and functionally
versatile superfamilies, encompassing antibacterial, antifungal,
immunosuppressive, anticholesterolemic, and anticancer
agents, as well as pigments and signalling molecules.6 Classic
clinical examples include the macrolide antibiotic erythro-
mycin, the immunosuppressant rapamycin, and the
cholesterol-lowering drug lovastatin, alongside more recently
exploited fungal metabolites such as griseofulvin (Fig. 1).6–9

Polyketide frameworks from diverse microorganisms further
serve as privileged starting points for semi-synthetic modica-
tion, combinatorial chemistry and biosynthetic tailoring,
thereby feeding a broad pipeline of lead optimization
programmes.

Fungi are particularly rich producers of polyketides with
both benecial and deleterious activities. On the benecial side,
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Fig. 1 Representative fungal-derived type I polyketides. Structures of widely distributed fungal polyketide natural products synthesized by type I
PKSs, illustrating the chemical and functional diversity of this family. Shown are the macrolide antibiotic erythromycin, the immunosuppressant
rapamycin, the cholesterol-lowering agent lovastatin, the antifungal precursor griseofulvin, and the mycotoxins aflatoxin B1 and zearalenone,
which highlight the broad biosynthetic and biological scope of fungal polyketides. Adapted from ref. 6–9 and 11–13.
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lamentous fungi furnish industrial statins, antifungals, anti-
cancer leads and crop-protection agents, many of which exploit
unique carbon skeletons or dense stereochemistry that are
difficult to access by purely synthetic routes.6,10 Conversely,
fungal polyketides also underpin major classes of mycotoxins—
including aatoxins, fumonisins, zearalenone, ochratoxins and
related toxins (Fig. 1)—that contaminate food and feed,
threatening human and animal health and causing substantial
agricultural losses.8,11–13 The same biosynthetic logic that yields
life-saving drugs thus also generates potent virulence factors
and ecological weapons, illustrating both the opportunity and
the risk inherent in fungal polyketide metabolism.6,14

At the heart of polyketide biosynthesis are polyketide syn-
thases (PKSs), large multidomain enzymes that assemble acyl-
CoA building blocks into complex carbon scaffolds.15 Based
on domain organization and catalytic mechanism, PKSs are
broadly classied into type I, type II and type III systems.16 Type
I PKSs are giant multidomain assemblies that operate either in
a modular, non-iterative fashion—where each module is used
once per cycle—or in an iterative mode, where the same cata-
lytic domains are reused multiple times during chain extension
and tailoring.17 While bacteria oen exploit modular type I
PKSs, fungi rely almost exclusively on monomodular iterative
type I PKSs (iPKSs) to construct their polyketide
backbones.16,18–20 iPKSs also occur in certain bacteria, but their
organization and catalytic logic closely parallel fungal systems,
reinforcing the generality of the fungal iPKS paradigm.21

Fungal iPKSs can be broadly grouped into highly reducing
(hrPKSs), partially reducing (prPKSs) and non-reducing
(nrPKSs) classes, reecting the extent of b-keto processing and
the nature of the resulting scaffolds (Fig. 2).22,23 HrPKSs possess
This journal is © The Royal Society of Chemistry 2026
a full complement of reductive domains—ketoreductase (KR),
dehydratase (DH) and enoylreductase (ER)—alongside keto-
synthase (KS), acyltransferase (AT), acyl carrier protein (ACP)
and oen a C-methyltransferase (cMT), enabling the construc-
tion of highly functionalized, non-aromatic chains that can be
further cyclized or merged into hybrid natural products.24–26

PrPKSs typically retain only a subset of these reductive func-
tions, generating partially reduced chains that cyclize into
simple but bioactive lactones and related motifs,27 whereas
nrPKSs lack reductive domains altogether and instead combine
starter-unit selection, iterative extension and programmed
cyclization to yield complex aromatic polyketides (Fig. 2).28

Together, these three iPKS subclasses, oen assisted by trans-
acting tailoring enzymes and hybridization with nonribosomal
peptide synthetases (NRPSs), account for the vast majority of
known fungal polyketide scaffolds.29

Over the past few years, rapid advances in cryo-electron
microscopy (cryo-EM), X-ray crystallography and structure-
prediction tools such as AlphaFold have profoundly reshaped
our understanding of fungal iPKS programming, as emphasized
in recent structural and mechanistic reviews on hrPKSs and
related megasynthases.15,30 Recent high-resolution work on the
lovastatin synthase complex LovB–LovC has illustrated how
distinct conformational states coordinate starter-unit selection,
chain elongation, b-processing and product release within
a single fungal megasynthase.31 In parallel, systematic analysis
of domain architectures and inter-domain communication
across multiple iPKSs has begun to dene how intrinsic domain
selectivity and extrinsic protein–protein interactions together
encode “programming rules” for chain length, reduction
pattern and cyclization outcome.30 Notably, combining cryo-EM
Nat. Prod. Rep.
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Fig. 2 Domain organization and representative biosynthetic products of fungal type I iterative PKSs. (A) The highly reducing PKS Fum1p, showing
its characteristic hrPKS domain architecture (KS–AT–DH–cMT–ER–KR–ACP) and the corresponding product fumonisin B1. Adapted from ref. 27
and 28. (B) The partially reducing PKS 6-MSAS, featuring the canonical prPKS domain ensemble (KS–AT–TH–KR–ACP) and producing 6-m-
ethylsalicylic acid. Adapted from ref. 76. (C) The non-reducing PKS CTB1 with the typical nrPKS domain set (SAT–KS–MAT–PT–ACP–TE),
together with its representative aromatic product nor-toralactone, illustrating nrPKS-controlled cyclization and release. Adapted from ref. 86.
Domain abbreviations: KS, ketosynthase; AT, acyltransferase; DH, dehydratase; cMT, C-methyltransferase; ER, enoylreductase; KR, ketor-
eductase; ACP, acyl carrier protein; TH, thiohydrolase; SAT, starting-unit acyltransferase; MAT, malonyl-CoA:ACP transacylase; PT, product
template; TE, thioesterase.
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data with AlphaFold-based modelling has enabled direct visu-
alization of ACP trajectories and gating motions during
successive iterations in representative hrPKSs such as the t-
enellin synthase TENS, providing a concrete structural basis for
chain-length control in these systems.32

Concomitant with these mechanistic insights, computa-
tional and synthetic-biology approaches have increasingly been
used to reprogram iterative PKSs toward non-natural scaffolds.
Detailed biochemical and structural dissection of programming
in hrPKSs has highlighted specic catalytic motifs and dynamic
elements as promising engineering handles.33 iPKSs are now
oen treated as modular engineering platforms in which
domain swaps, loop mutations and interface redesign can be
guided by structure-based modelling and sequence analysis, as
demonstrated for chain-length reprogramming of TENS via
targeted mutations in the KR substrate-binding helix.32

However, many reprogramming attempts still fail due to subtle
mismatches in domain dynamics and substrate channeling,
underscoring the need for structure-guided and data-driven
Nat. Prod. Rep.
design principles, a challenge highlighted in broader engi-
neering perspectives on fungal natural product biosynthesis.34

Complementary to direct enzyme engineering, combinatorial
biosynthesis that mixes and matches iPKSs with tailoring
enzymes has produced libraries of hybrid scaffolds—including
polyketide–peptide and polyketide–terpenoid natural prod-
ucts—through rational pathway recombination and
mutasynthesis.35

At the same time, the emergence of advanced genome-
mining and heterologous expression technologies has greatly
expanded access to fungal biosynthetic gene clusters (BGCs).
Early work on expressing lamentous fungal pathways in trac-
table hosts such as Aspergillus nidulans and A. oryzae established
robust platforms for reconstructing complex fungal secondary-
metabolite pathways and exploring cryptic gene clusters.36 More
recently, CRISPR-Cas-based genome editing and activation
systems have become central tools for turning on silent BGCs
and ne-tuning their expression in native and heterologous
fungal hosts.37 These enabling methods are increasingly
This journal is © The Royal Society of Chemistry 2026
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combined with plug-and-play expression cassettes and high-
throughput liquid chromatography-mass spectrometry (LC-
MS) screening to systematically map the biosynthetic output
of orphan BGCs in Aspergillus, Penicillium and other fungi,
revealing large reservoirs of unexplored polyketide chemical
space.38 In parallel, metabolic engineering of chassis organisms
such as Saccharomyces cerevisiae and the oleaginous yeast Yar-
rowia lipolytica has demonstrated that complex fungal-like
polyketides can be produced at increasingly industrially rele-
vant titers—for example, via acetyl-CoA and malonyl-CoA
rewiring to boost triacetic acid lactone and 4-coumaroyl-CoA-
derived polyketides in Y. lipolytica.39,40 Together, these devel-
opments point toward an era in which fungal polyketide path-
ways can be designed and controlled across multiple levels—
from enzyme structure and domain programming, through
pathway and BGC architecture, to host metabolism and bi-
oprocess optimization.

In this review, we synthesize these emerging mechanistic
and engineering insights to present fungal polyketide biosyn-
thesis as a programmable platform for designer natural prod-
ucts. Building on the foundational understanding of iPKS
programming rules and structural determinants,15,24 we rst
outline how different classes of fungal iPKSs (hrPKSs, prPKSs
and nrPKSs) encode chain-length, reduction state and cycliza-
tion logic. We then survey combinatorial biosynthesis and
enzyme-engineering strategies that expand chemical diversity
beyond natural scaffolds, before highlighting the integration of
these advances within fungal and yeast cell-factory frameworks
for sustainable production. By emphasizing rational design,
computational prediction and multi-scale engineering, we aim
to bridge fundamental enzymology with industrial application
and to provide a conceptual roadmap for the next generation of
fungal polyketide research.
2. Programming rules and
mechanistic logic of fungal iPKSs
2.1. Overall architecture and catalytic cycle

Fungal type I iPKSs are giant multidomain enzymes that
resemble eukaryotic fatty acid synthases (FASs) in both overall
architecture and reaction logic, yet exhibit far greater catalytic
versatility.30 In both systems, a single polypeptide (or homo-
dimer) harbors all the activities required to iteratively extend
acyl chains from simple acyl-CoA precursors, but iPKSs
combine this FAS-like scaffold with expanded tailoring domains
and additional control elements that enable diverse, highly
functionalized products (Fig. 3A).41 A comprehensive compara-
tive analysis of yeast-type FAS (yFAS), mammalian FAS (mFAS)
and fungal iPKSs has shown that these megasynthases
assemble into large supramolecular structures in which cata-
lytic domains are spatially arranged to support efficient intra-
molecular acyl carrier protein (ACP) shuttling and vectorial
catalysis.30

Despite differences in domain composition among hrPKSs,
prPKSs and nrPKSs, the core catalytic cycle of fungal iPKSs
follows a conserved three-stage logic of initiation, iterative
This journal is © The Royal Society of Chemistry 2026
extension and termination.25,42 In a typical cycle, a starter unit—
oen acetyl-, propionyl- or a more elaborate acyl group—is
loaded onto the active-site cysteine of the KS domain via an
acyltransferase-mediated transacylation step.26 For hrPKSs and
prPKSs, the acyltransferase is usually embedded as an AT
domain;43 for nrPKSs, a dedicated starter-unit acyltransferase
(SAT) domain transfers the starter acyl group to the KS, while
a malonyl:ACP acyltransferase (MAT) loads malonyl units onto
ACP for chain extension.44 Subsequent decarboxylative Claisen
condensation catalysed by KS yields a b-ketoacyl intermediate
tethered to ACP, which then undergoes variable processing by
reductive domains (KR-DH-ER) in hrPKSs and prPKSs, or is le
unreduced in nrPKSs for downstream aromatic cyclization
(Fig. 2).27,45,46

Recent structural and mechanistic studies have begun to
reveal how this apparently simple cycle is diversied into a wide
range of programmed reaction sequences. High-resolution
analyses of isolated domains and larger assemblies from
multiple iPKSs—including hrPKSs involved in lovastatin and
related pathways—have shown that KS, AT/MAT and ACP form
a dynamic core module that repeatedly executes loading and
condensation steps, while exible linkers and docking inter-
faces guide ACP to different reductive or cyclization domains in
a dened order.15,33 Time-resolved biochemical experiments
and structural models support a “tethered substrate shuttle”
model in which ACP oscillates between multiple catalytic sites
within a conned reaction space, and where the probability of
visiting specic domains in each iteration—KR, DH, ER, or, in
nrPKSs, product-template (PT) domains—encodes the nal
reduction pattern and ring-formation logic.30,47

Termination of the iterative cycle is mediated by product-
releasing enzyme (PRE) domains located at the C-terminus of
iPKSs or by discrete trans-acting factors.46 In fungal nrPKSs,
terminal release domains fall into three principal classes: (i)
canonical a/b-hydrolase fold thioesterase (TE) domains that
catalyse hydrolytic, macrolactonization or cross-coupling
release; (ii) TE/CLC (Claisen cyclase) domains that promote
C–C bond formation during programmed cyclization; and (iii)
reductase (R) domains that mediate NAD(P)H-dependent
reductive off-loading.46 In addition, some nrPKSs lack
a terminal release domain and instead recruit trans-acting
metallo-b-lactamase-type thioesterases (MbL-TEs).48 Systematic
sequence–structure–function analysis of PRE domains in fungal
nrPKSs has shown that these off-loading modules not only
catalyse hydrolysis, macrolactonization or Dieckmann-type
cyclization, but can also perform proofreading or editing func-
tions that shape product delity and scaffold topology.48 In
hrPKSs and prPKSs, termination is typically mediated by
embedded a/b-hydrolase-type release domains, historically
annotated either as thioesterases (TE) or thiohydrolases (TH)
depending on pathway context; these domains generally
catalyse hydrolytic off-loading rather than Claisen-type cycliza-
tion, and may operate either as integral PKS domains or as
discrete trans-acting factors.49,50

Collectively, these architectural and mechanistic insights
support a unied view of fungal iPKSs as monomodular but
multifunctional megasynthases that execute a conserved
Nat. Prod. Rep.
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Fig. 3 Structural features and iterative programming of hrPKSs. (A) Comparison of the canonical domain organization and reductive
programming logic between fungal hrPKSs and mammalian fatty acid synthase (mFAS), highlighting both conserved catalytic modules and
differences in iterative reduction rules. (B) Cryo-EM structure of the hrPKS LovB (LNKS), the megasynthase responsible for assembling the
nonaketide intermediate monacolin J acid in the lovastatin biosynthetic pathway, resolved at 2.91 Å (PDB: 7CPX). Individual domains are color-
coded, and inactive modules are indicated with leading j (pseudo) symbols. LD, linker domain. Adapted from ref. 31. (C) The KS domain initiates
polyketide assembly by selecting and loading the appropriate starter acyl unit. (D) Chain elongation proceeds through malonyl-CoA incorpo-
ration mediated by the AT and KS domains. (E) Iterative b-keto processing occurs through the coordinated action of the KR, DH, ER, and cMT
domains, generating variably reduced and a-methylated intermediates. (F) Representative programming trajectories of hrPKSs, illustrating
selective domain engagement and kinetic competition between cMT and KR during chain extension. Chemical modifications introduced by each
domain are highlighted in red.
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initiation–extension–termination cycle while embedding
tunable “decision points” at each iteration. In hrPKSs and
prPKSs, the number and order of visits to KR, DH and ER
domains determine the extent of b-reduction and hence the
Nat. Prod. Rep.
degree of saturation and hydroxylation of the nal product;30 in
nrPKSs, SAT specicity, KS chain-length control and PT-
mediated cyclization are key determinants of aromatic scaf-
fold topology.16,51 To consolidate these distributed mechanisms
This journal is © The Royal Society of Chemistry 2026
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Table 1 Core programming decision nodes in fungal iPKSs

Decision node PKS class Programming role Representative examples References

Starter-unit loading
(SAT or embedded AT)

nrPKS (SAT); hr/prPKS (AT) Denes starter identity and
initial oxidation bias

CazM/CazF; CTB1; LovB 31, 88, and 90

Condensation cassette
(KS–AT/MAT–ACP)

All classes Controls chain elongation
and iteration number

CTB1; SQTKS; LovB 31, 64, and 90

Reductive loop
(KR–DH–ER)

hrPKS; prPKS (KR � DH) Determines b-reduction
pattern and oxidation state
distribution

LovB/LovC; SQTKS; SN477 31, 57, 76, and 85

cMT
(embedded or trans-acting)

hrPKS; nrPKS; trans
systems

Introduces a-methylation
and modulates elongation
or reduction timing

PksCT; PsoF; SQTKS 58–60, and 94

Product template (PT)
domain

nrPKS Directs rst- and second-
ring cyclization
regioselectivity

PksA; CTB1; PhnA 96, 97, 100, 103,
and 104

Embedded product-
releasing enzymes
(TE/CLC/R)

prPKS; nrPKS; some hrPKS Denes mode of off-
loading (hydrolysis,
macrolactonization,
Dieckmann, reduction)

PksA; Pks1; AquA 108, 111, 114,
and 120

Trans-acting release/
editing enzymes
(TE, TE/CLC, MbL-TE)

hrPKS; nrPKS Enforces chain-length
window; proofreading;
selective termination

LovG; Bref-TH; CitA; ACTE 22, 66, 132, 133,
and 135

Multi-megasynthase
handover (hrPKS–nrPKS;
PKS–NRPS)

Dual/hybrid systems Branch specicity and
scaffold hybridization

CazF/CazM; EquiS; TwmB 88, 150, 151,
and 154
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into a central framework, the core programming decision nodes
across hrPKSs, prPKSs and nrPKSs are summarized in Table 1.
These emerging “programming rules” provide the conceptual
foundation for the subsequent sections, where we discuss in
detail how different classes of fungal iPKSs and their collabo-
rating enzymes encode specic chain-extension, reduction and
cyclization patterns, and how these features can be exploited for
rational engineering.
2.2. Highly reducing PKSs (hrPKSs)

Fungal iterative hrPKSs comprise a KS–AT–ACP minimal
“loading/condensing” set that executes repeated deca-
rboxylative Claisen condensations, while additional modifying
domains (KR, DH, ER, and frequently cMT) are arranged to be
accessed iteratively by the ACP during chain growth; this FAS-
like scaffold has been visualized and compared across fungal
megasynthases using structural and biochemical analyses.23,30

In the lovastatin pathway, cryo-EM structures of the LovB core
(2.91 Å) (Fig. 3B) and the LovB–LovC complex (3.60 Å) (Fig. 4A)
revealed an X-shaped face-to-face dimer and an L-shaped cata-
lytic chamber, respectively, illustrating how a trans-acting ER
(LovC) docks laterally near the AT region and helps organize
iterative processing within a conned reaction space.31 During
initiation, a simple acyl starter (commonly acetyl- or propionyl-
derived) is loaded to KS—by the embedded AT in hrPKSs—fol-
lowed by iterative malonyl-ACP extensions; this division of labor
(starter loading vs. extender supply) parallels but is mechanis-
tically distinct from nrPKSs where SAT and MAT split the roles
(Fig. 3C and D).52 Collectively, these data support a model in
which ACP shuttling and exible inter-domain linkers orches-
trate a cyclical sequence of loading / condensation /
This journal is © The Royal Society of Chemistry 2026
optional b-processing before the next round of extension,
setting the stage for programmable selectivity in downstream
steps.

Aer each condensation, b-ketoacyl intermediates are var-
iably processed by KR, DH and ER to yield b-alcohol, enoyl or
fully reduced segments (Fig. 3E);53 biochemical and structural
work on hrPKSs shows that the order and frequency of ACP
visits to these reductive domains encode the nal reduction
pattern, in contrast to the more uniformly reducing cycles of
metazoan FAS.54 Methylation by the embedded cMT oen acts
as a checkpoint that branches the itinerary of the growing
chain: cMT can compete kinetically with KS-catalysed extension
and with KR access, thereby altering both chain-length
programming and downstream reduction outcomes (Fig. 3E
and F).55,56 At the case-study level, recent cryo-EM-guided anal-
yses of LovB/LovC, together with reconstituted domain
biochemistry, highlight how trans-ER engagement and cMT
timing together affect stereochemical outcomes and the delity
of iterative processing in a paradigmatic hrPKS system.31

In squalestatin tetraketide synthase (SQTKS), the isolated cis-
acting ER forms a discrete dimer in solution and displays broad
substrate tolerance toward natural and non-natural enoyl thio-
esters—an observation that explains how subtle features such
as local methylation patterns can “gate” enoyl reduction and,
consequently, iteration-dependent termination.57 Beyond
changing reduction, cMT can also inuence chain-length deci-
sions: studies on fungal hrPKSs revealed the molecular basis by
which cMT intercepts ACP-bound intermediates and biases
whether KS proceeds to the next round of condensation, ratio-
nalizing how methylation state and b-processing co-dene
scaffold topology.58 Finally, in hybrid iPKS systems such as
Nat. Prod. Rep.
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Fig. 4 Structural organization and biosynthetic role of the LovBC complex. (A) Cryo-EM structure of the LovB–LovC complex resolved at 3.60 Å
(PDB: 7CPY), illustrating the docking interface between the megasynthase LovB and the trans-acting ER LovC. Adapted from ref. 62. (B) General
process by which the LovBC complexmediates iterative chain tailoring and reduction to assemble dihydromonacolin L acid, with LovC supplying
trans-ER activity to specific cycle-defined intermediates. Inactive modules are indicated with leading j (pseudo) symbols. CON, unresolved C-
terminal condensation domain. Adapted from ref. 31.
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the pseurotin pathway, a bifunctional PsoF (epoxidase-C-m-
ethyltransferase) collaborates with the PKS-NRPS machinery to
tailor intermediate reactivity and geometry—directly illus-
trating how MT chemistry shapes programming windows
available to KR/DH/ER in later iterations (Fig. 3F).59,60

LovB (lovastatin nonaketide synthase, LNKS) represents one
of the best-characterized fungal hrPKSs and has long served as
a model for understanding iterative programming in polyketide
biosynthesis (Fig. 3B).31 Its accompanying trans-acting ER LovC
acts in concert with LovB to produce dihydromonacolin L acid,
the rst committed intermediate of lovastatin biosynthesis
(Fig. 4B).61 Structural and biochemical analyses have revealed
that LovB alone accumulates aberrantly reduced or truncated
polyketides, whereas co-expression with LovC restores correct
chain reduction and product delity.31

Recent cryo-EM reconstructions of the LovB–LovC complex
at near-atomic resolution uncovered an X-shaped “head-to-tail”
dimeric arrangement, with a exible docking interface near the
AT–KS junction that accommodates transient association of
LovC (Fig. 4A).31,62 This structural snapshot provided the rst
Nat. Prod. Rep.
direct visualization of a fungal hrPKS-trans-ER assembly and
explained how LovC engages the b-enoyl intermediate during
selective iteration.31 Complementary cross-linking mass-
spectrometry and mutagenesis experiments further showed
that LovC recognizes the ACP-tethered substrate through
a hydrophobic docking groove and stabilizes its NADPH-
binding loop only when positioned near the AT domain,
ensuring precise timing of reduction.63 Functionally, the LovB–
LovC system exemplies conditional domain crosstalk in fungal
hrPKSs: LovB's internal reductive loop (KR–DH) executes partial
b-processing, whereas LovC provides an auxiliary ER activity
only in iterations requiring full reduction, thereby modulating
the oxidation state of specic chain segments.31 Single-particle
cryo-EM analysis coupled with AlphaFold modeling demon-
strated that LovB alternates between “open” and “closed”
conformations that expose or sequester the active-site cavities
in coordination with LovC binding.31 Collectively, these results
establish LovB/LovC as a prototype for trans-acting enzyme
assistance in hrPKS systems, highlighting how transient
protein–protein interactions expand the catalytic repertoire and
This journal is © The Royal Society of Chemistry 2026
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control the iterative sequence of reductions and methylations
during fungal polyketide assembly.

SQTKS is another representative hrPKS that demonstrates
how the intrinsic selectivity of reductive domains inuences
product patterning.64 Biochemical reconstitution of SQTKS
revealed that its internal reductive domains perform three
rounds of chain extension and b-processing, producing the
squalestatin core from acetate, malonate, S-adenosylmethio-
nine (SAM) and NADPH.64,65 In the rst two iterations, complete
reduction and a-methylation yield saturated intermediates,
whereas the third round omits ER-catalyzed reduction, halting
the cycle and dening the nal oxidation pattern.24

Puried SQTKS ER functions as a discrete homodimer that
displays remarkably broad substrate tolerance toward both
natural diketide/triketide and synthetic enoyl substrates, and
the enzyme's activity is modulated by the methylation state of
its substrate: a dimethylated 2,4-dimethyl-oct-2-enoyl-ACP
analog ts within the active site but resists reduction.57 These
observations reveal a kinetic gating mechanism, where meth-
ylation pattern and intermediate geometry determine whether
ER can engage, thereby controlling which iterations undergo
full b-processing. Mechanistically, structural models suggest
that subtle conformational changes in the ER substrate-binding
loop adjust access to the NADPH cofactor and stabilize the
transition state only for properly oriented intermediates. This
property explains how hrPKSs can generate alternately reduced
and unreduced segments within a single iterative cycle, yielding
molecules of mixed oxidation state and stereochemical
complexity.57 Together, SQTKS illustrates the broader principle
that reductive-loop plasticity and kinetic control—rather than
rigid sequential processing—govern product specicity in
fungal hrPKSs, providing critical insight for future reprogram-
ming efforts that aim to tune redox and methylation patterns in
engineered systems.

Beyond trans-ERs, fungal iPKS pathways frequently rely on
stand-alone factors—including hydrolases or thioesterases
(THs or TEs, including TEIIs), ATs, and trans-acting cMTs—to
control chain release, proofreading, chain-length decisions,
and methylation checkpoints that together enforce hrPKS
programming delity.15 In lovastatin biosynthesis, the serine
hydrolase LovG functions as a chain-release/“editing” factor for
LovB, removing aberrant intermediates and releasing the
correctly programmed nonaketide prior to downstream pro-
cessing; in vitro and genetic evidence established LovG-
dependent quality control as a key layer of programming.66

Analogously, in brefeldin A biosynthesis, a partnering thio-
hydrolase (Bref-TH) truncates the chain one iteration earlier:
the hrPKS alone favors a nonaketide, but with Bref-TH the
octaketide is specically off-loaded, demonstrating trans-
releaser-controlled chain length.22 Recent structural enzy-
mology consolidates these cases and shows how such
hydrolases/hot-dog fold TEs set release chemistries and chain-
length windows across fungal systems.67

A complementary control point arises from trans-acting
cMTs that intercept ACP-tethered intermediates and thereby
compete with KR/KS steps. Two structurally characterized
cMTs—PsoF (from the pseurotin pathway) and CalH'/CalH
This journal is © The Royal Society of Chemistry 2026
(from calbistrin)—provide direct, stand-alone methylation of
PKS intermediates; crystallographic work pinpointed SAM-
binding motifs and substrate channels that rationalize
timing-dependent interception of b-ketoacyl intermediates.68,69

Functionally, such trans-cMT “checkpoints” can bias whether
the chain undergoes further b-processing or proceeds to the
next elongation step, thereby re-wiring oxidation state and
termination logic at the iteration where methylation occurs.70

Trans-acting TEIIs have seen important mechanistic
updates. A 2024 study delineated TEII editing functions
embedded in fungal PKS gene clusters71—showing that dedi-
cated TEIIs can rescue stalled ACP-bound species and improve
product delity, extending the “proofreading” paradigm beyond
LovG-like hydrolases. Meanwhile, structural snapshots of a/b-
hydrolase fold trans-TEs (e.g., DcsB for decarestrictine C1; GrgF
for gregatin A)50,72 highlight dimeric assemblies and catalytic
triads that accommodate poly-b-keto chains and enable off-
loading via cyclization or C–C coupling—providing a generaliz-
able release architecture now used to interpret newer pathways.
Beyond hydrolases, trans-acting ATs can also “intercept and
deliver” polyketide chains: in lovastatin maturation, LovD
accepts the diketide from LovF-ACP and transfers it to mon-
acolin J, and structure-guided engineering has dramatically
accelerated its catalytic cycle, underscoring how stand-alone
ATs remodel ux at pathway junctions.31

Recent primary studies further broaden the repertoire of
non-ER trans partners. In 2025, Takekawa et al. dissected two
trans-ERs (PhiaB/PhomB) from phialotide/phomenoic-acid
pathways and uncovered distinct chain-length preferences by
X-ray structure and in vitro assays, directly linking enzyme
architecture to iteration-specic engagement;73 these data,
together with kinetic gating observed in hrPKS systems, rein-
force the concept that trans partners partition iterations by
chain length, not only by redox state (i.e., a general rule for
stand-alone reductive/checkpoint enzymes). Beyond reductive
gating, auxiliary enzymes can also diversify scaffolds through
other trans-acting modications. In parallel, Org. Lett. 2024 re-
ported a noncanonical fungal PKS pathway (PF1163A) in which
a stand-alone trans-acting N-methyltransferase (PfaC) functions
with the PKS–NRPS megasynthase to diversify the scaffold,
while subsequent oxidative tailoring steps further modify the
released intermediate.74 Together with updated structural
enzymology showing how trans-releasing enzymes (e.g., Bref-
TH, Fma-AT)22 precisely enforce where the hrPKS stops and
how the product is ejected, these examples establish a unifying
view: stand-alone partners act as programmable gates that
modulate when to reduce, when to methylate, and when to
release in each iteration, thereby expanding chemical space
without altering the embedded hrPKS domain set.
2.3. Partially reducing PKSs (prPKSs)

PrPKSs are iterative type I PKSs that lack an ER but retain a b-
keto processing set focused on KR and oen DH, operating on
a KS–AT–ACP minimal scaffold;75 the canonical 6-methyl-
salicylic acid synthase (6-MSAS) clade exemplies the architec-
ture KS–AT–KR–ACP, frequently accompanied by a TH domain
Nat. Prod. Rep.
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Fig. 5 Biosynthetic mechanism of (R)-mellein formation by the prPKS SN477 assembles (R)-mellein from one acetyl-CoA starter unit and four
malonyl-CoA extender units, generating a pentaketide intermediate that undergoes programmed b-keto processing and cyclization. In the
structural representation, each bold bond highlights a C2 extender-derived building block, and five bold segments denote the five sequential
chain-extension steps leading to the final (R)-mellein scaffold. Adapted from ref. 76 and 85.
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that mediates stereoselective cyclization and release (Fig. 2B).76

Recent transcriptome-guided discovery in plant-associated
fungi again recovered prPKS candidates with KS–AT–DH–KR–
ACP features, reinforcing this architecture as the prevalent
prPKS pattern in nature.77 In parallel, genome-scale mining of
Penicillium species uncovered 6-MSAS-like clusters co-localized
with downstream tailoring genes, supporting the view that
prPKSs oen sit at the entrance of multi-step pathways
producing salicylate- or isocoumarin-derived scaffolds.78 Func-
tionally, prPKSs generate partially reduced polyketide interme-
diates that are pre-organized for regio-dened cyclization and
release by the embedded or partner TH or TE domain, a division
of labor that distinguishes them from hrPKSs and aligns with
the single-pass reduction logic summarized below.77

In prPKSs, each extension round is followed by at most
a single b-reduction event (KR ± DH) before the system
proceeds to the next condensation, setting up hydroxylated or
dehydrated handles that bias aldol-type ring formation and
lactonization at termination.79 Heterologous reconstitution of
prPKS routes in Y. lipolytica has demonstrated this program-
ming at production scale: by supplying malonyl-CoA and SAM
ux, engineered strains produced 6-MSA and an isocoumarin-
type scaffold (bostrycoidin), showing that limited b-processing
coupled to efficient TH/TE-mediated off-loading is sufficient to
build salicylate/isocoumarin cores and that these prPKS prod-
ucts function as gateway metabolites for downstream diversi-
cation.80 Complementarily, transcriptome-guided identication
of prPKSs with KS–AT–DH–KR–ACP organization veried that
the absence of ER correlates with products bearing discrete
hydroxylation patterns rather than fully reduced segments,
consistent with single-reduction programming that precedes
TH-controlled ring closure.77 Together, these recent studies
consolidate a unied rule: prPKSs encode chain growth with
limited b-processing, and the timing/chemistry of TH- or TE-
driven release xes ring topology and oxidation state, posi-
tioning prPKS products as programmable entry points for
fungal polyketide and isocoumarin pathways.78,81

The small molecule 6-MSA, produced by the 6-MSAS clade of
prPKSs, remains a prototypical example of partially reducing
fungal PKSs and their downstream biosynthetic potential. A
recent heterologous production study in Y. lipolytica achieved
titers of z 400 mg L−1,80 thereby validating 6-MSA's role as
Nat. Prod. Rep.
a production gateway for derived natural products (e.g. patulin,
terreic acid, yanuthones).27,82–84 Meanwhile, the (R)-mellein
synthase SN477 from A. oryzae (heterologously studied in S.
cerevisiae) extends the prPKS logic by performing four rounds of
extension and selective b-ketone reduction before TH-mediated
lactonization, offering a close parallel to 6-MSA biosynthesis
albeit with additional chain length and stereochemical
complexity (Fig. 5).76,85 These cases illustrate how prPKSs embed
one-pass b-processing + TH- or TE-mediated termination logic
and how their products become entry points for larger tailoring
enzyme networks.

In summary, prPKSs enforce a single-reduction logic fol-
lowed by TH- or TE-controlled release, making them inherently
more tractable than multifunctional hrPKSs for engineering
scaffold libraries. The architecture KS–AT ± DH–KR–ACP ± TH
positions prPKSs as programmable entry points into fungal
polyketide diversication. Nonetheless, engineering challenges
remain: ensuring TH or TE compatibility, balancing extender
unit ux, and controlling unintended full reduction events are
critical. Leveraging the accumulating structural and genomic
data, future work can treat prPKSs not just as natural curiosity
but as designable modules within broader synthetic biology
workows.
2.4. Non-reducing PKSs (nrPKSs)

Fungal nrPKSs construct fully unreduced poly-b-keto backbones
that undergo programmed intramolecular cyclization to yield
aromatic scaffolds (Fig. 2C).86 As summarized in Table 1, nrPKSs
encode a layered logic in which condensation, methylation and
cyclization checkpoints act sequentially to dene aromatic
scaffold topology. This behavior reects their characteristic
SAT–KS–MAT–ACP–PT–TE domain organization, which lacks
the b-processing domains (KR, DH, ER) present in hrPKSs and
prPKSs.87 Recent phylogenomic analysis of nrPKSs across
ascomycota and basidiomycota revealed that most nrPKSs
maintain this canonical domain set, although several basidio-
mycete lineages lack a SAT domain entirely while retaining
robust aromatic programming, indicating that nrPKSs can use
KS-based direct loading when SAT is absent.16

The SAT domain remains the dening gateway for starter-
unit selection in ascomycete nrPKSs. A 2023 structure-
informed analysis demonstrated that SAT domains favor
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Overview of nrPKS domain organization and iterative programming. nrPKSs initiate and extend polyketide chains either with or without
a cMT domain, generating highly programmed b-keto-processing patterns prior to cyclization and product release. The PT domain governs the
first- and second-ring cyclization trajectories and can be classified into five major clades, whose active-site geometries correlate with distinct
folding modes: clades I–III catalyze C2–C7 first-ring closures on tetra-, hexa-, or longer ketide chains (e.g., clade I: orsellinic acid from AN7909;
clade II: 1,3,6,8-tetrahydroxynaphthalene (THN) from Pks1; clade III: bikaverin from Pks4); clade IV mediates C4–C9 followed by C2–C11
cyclization (e.g., nor-toralactone from CTB1); and clade V promotes C6–C11/C4–C13 modes (e.g., atrochrysone carboxylic acid from ACAS).
Cyclization modes dictated by the PT domain are highlighted in purple, whereas chemical modifications introduced by the TE domain are
highlighted in red. Domain abbreviations: TE/CLC, thioesterase/Claisen cyclase domain; MbL-TE, metallo-b-lactamase-type thioesterase; R,
reductase. Adapted from ref. 90 and 98–101.
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acetyl- or longer acyl-CoA units, thereby determining the
oxidation-state and chain-length bias of downstream poly-b-
keto chains (Fig. 6).15 This selectivity is also evident in the CazM/
CazF azaphilone pathway, where CazM-SAT selectively accepts
the highly reduced (S,E)-4-methyl-hex-2-enoyl triketide from the
upstream hrPKS CazF while rejecting the more oxidized tri-
ketide intermediate needed for late-stage tailoring (Fig. 7A).88

This selective gating ensures that nrPKS-specic cyclization
only proceeds from the correct reduced starter, demonstrating
that starter identity, not only chain length, is a SAT-encoded
programming checkpoint.89 Together, these insights from
comparative genomics and biochemical reconstitution rein-
force a unifying principle: nrPKS programming begins at the
This journal is © The Royal Society of Chemistry 2026
SAT/KS interface, where starter-unit identity and the physical
arrangement of the condensation domains drive the fate of the
aromatic backbone.

Aer starter-unit transfer, nrPKSs extend the chain exclu-
sively with malonyl-ACP units via the MAT domain, while the KS
orchestrates iterative Claisen condensations to generate long
poly-b-keto intermediates (Fig. 6).87 Because these chains are
unreduced, the KS must precisely determine how many elon-
gation rounds occur before PT-mediated cyclization can begin.
This concept is strongly supported by structural work on CTB1,
the nrPKS forming nor-toralactone in Cercospora nicotianae.90

Cryo-EM coupled with mechanism-based ACP–KS crosslinking
revealed a rhombus-shaped KS–MAT dimer with
Nat. Prod. Rep.
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Fig. 7 Structural snapshots of key domains from non-reducing PKSs (nrPKSs). (A) Crystal structure of the CazM SAT domain bound to hexanoyl-
CoA, showing a monomeric architecture composed of a large a/b-hydrolase-like subdomain and a smaller ferredoxin-like subdomain (PDB:
4RPM). Adapted from ref. 88. (B) Structure of the CTB1 loading/condensing region comprising the SAT–KS–MAT tri-domain module, which
coordinates starter-unit selection and chain initiation (PDB: 6FIJ). Adapted from ref. 91. (C) PksA PT domain structure with bound palmitate or
substrate analog (PDB: 3HRQ); the PT adopts a modified double-hot-dog (DHD) fold, with PT dimers shown as purple cartoons and palmitate
ligands represented as orange spheres. Adapted from ref. 97. (D) Ribbon representation of the PksA TE/CLC domain, exhibiting an a/b-hydrolase
fold with its core catalytic scaffold in blue and a distinctive lid loop in yellow, adjacent to the active-site Ser1937 (shown as green ball-and-stick)
(PDB: 3ILS). Adapted from ref. 108.
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a pseudodimeric SAT inserted asymmetrically into the
condensation region.91 The ACP interacts preferentially with
one KS protomer in a 1 : 2 binding mode, implying that nrPKSs
may determine chain-length by biased ACP access rather than
a symmetric dimeric cycle (Fig. 7B).91

New comparative analyses published in 2023 further support
this logic: nrPKSs from recently characterized fungal clades
show that single amino-acid substitutions in the KS active-site
loops are sufficient to shi product chain length by two
carbons, conrming that KS micro-architecture ne-tunes iter-
ation count.16 These ndings align with earlier functional
studies on CazM/CazF, where SAT selectivity and KS timing
cooperate to distinguish between early-stage triketides vs. late-
stage oxidized intermediates, establishing the precise window
in which nrPKS cyclization can proceed.

Together, these structural and mechanistic data illustrate
that nrPKS condensation is not a passive cycle but rather
a geometrically constrained, domain-position-dependent
system in which: (i) SAT selects the correct starter, (ii) MAT
supplies uniform extender units, and (iii) KS encodes the iter-
ation number through conformational bias, ACP trajectory, and
Nat. Prod. Rep.
domain stoichiometry.92 These rules place the condensation
cassette (SAT–KS–MAT) at the center of nrPKS programming,
providing the biochemical framework for the PT-controlled
cyclization logic described in the following sections.

Beyond the SAT–KS–MAT condensation cassette, many
nrPKSs also harbour an internal cMT domain that introduces a-
methyl groups into ACP-bound b-keto intermediates, adding
a second layer of programming on top of chain length control
(Fig. 6).93 Mechanistic dissection of the citrinin nrPKS PksCT
showed that its cMT methylates the growing polyketide only at
a dened chain length and oxidation state, and that this
modication is strictly required for formation of the tri-
methylated pentaketide precursor, establishing cMT as
a timing-sensitive checkpoint rather than a constitutive deco-
rator.94 The SAH-bound crystal structure of the isolated PksCT
cMT domain further revealed a two-subdomain Class-I SAM-
dependent fold in which a C-terminal SAH-binding core and
an N-terminal helical subdomain together form a narrow
hydrophobic tunnel that accommodates the elongated poly-
ketide chain and positions it for catalysis, with a His/Glu pair
acting as the catalytic base–acid dyad.94 Recent domain-focused
This journal is © The Royal Society of Chemistry 2026
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genome-mining and phylogenetic analyses of fungal nrPKSs
have shown that cMT-containing enzymes cluster into distinct
clades whose active-site motifs and predicted substrate tunnels
correlate with specic product families and methylation
patterns, indicating that a-methylation is encoded as a clade-
specic programming feature rather than an optional add-
on.95 Together with the SAT–KS–MAT rules discussed above,
these data place cMT at a strategic position between conden-
sation and cyclization: by selectively modifying particular
intermediates, it biases which chain conformations and
substitution patterns are presented to the downstream PT
domain, thereby pre-shaping the set of aromatic cyclization
trajectories that nrPKSs can access.

Downstream of the condensation and cMT checkpoints, the
PT domain provides the key layer of programming that converts
a linear, unreduced poly-b-keto chain into a dened aromatic
scaffold.96 PT domains are unique to nrPKSs and adopt
a conserved double hot-dog (DHD) fold, as rst revealed by the
crystal structure of the dissected PT monodomain from the
aatoxin NR-PKS PksA, which showed a dimeric DHD archi-
tecture with a deep hydrophobic pocket that can bind both
linear and bicyclic polyketide mimics (Fig. 7C).96,97 This pocket
is functionally partitioned into a hexanoyl/“starter” binding
region, an amphiphilic cyclization chamber that pre-folds the
nascent chain for intramolecular aldol condensation, and
a PPT-binding groove that positions the ACP-tethered
substrate—features that are fully consistent with PksA PT and
have since been corroborated by subsequent structural and
modeling work.92,96,98 On this structural foundation, large-scale
sequence–structure analyses of >600 fungal nrPKS PT domains
demonstrated that PTs can be grouped into ve major clades
whose active-site geometries correlate with distinct rst- and
second-ring cyclization modes: groups I–III catalyze C2–C7 rst-
ring closures on tetraketide, hexaketide or longer chains (e.g.,
clade I: orsellinic acid from A. nidulans AN7909; clade II: 1,3,6,8-
tetrahydroxynaphthalene (THN) from Colletotrichum lagenarium
Pks1; clade III: bikaverin from Fusarium fujikuroi Pks4);99 group
IV catalysis C4–C9 followed by C2–C11 cyclization (e.g., nor-
toralactone from Cerospora nicotianae CTB1);100 and group V
favors C6–C11/C4–C13 patterns (e.g., atrochrysone carboxylic
acid from A. terreus ACAS) (Fig. 6).98,101 These studies, together
with earlier mapping of common C2–C7, C4–C9 and C6–C11
cyclization modes in fungal polyketides, rmly establish PT
domains as regioselective aldol cyclases whose clade member-
ship and cavity architecture largely dictate core ring topology
and substitution pattern.102

Beyond these canonical patterns, individual PT domains can
display strikingly specialized behavior that further illustrates
how subtle changes in the cavity-lining residues (CLRs) remodel
cyclization programming.96 The phenalenone nrPKS PhnA, for
example, produces an angular naphtho-g-pyrone core in coop-
eration with a avin monooxygenase, and its PT domain was
shown biochemically and structurally to catalyze only a single
C4–C9 aldol condensation, without the usual accompanying
C2–C11 closure observed for PksA and CTB1—an unprece-
dented selectivity that was traced to differences in the size and
shape of the PT cyclization chamber.103,104 Comparative
This journal is © The Royal Society of Chemistry 2026
modeling and recent 2025 analyses of nrPKS diversity further
revealed that PT cavity volume varies systematically across
clades (for example, intermediate ∼750 Å3 pockets in WA/PksP/
Bik1-type enzymes versus larger ∼1400 Å3 pockets in PksCT/
Sor2/AfoE-type enzymes), and that these volumetric and elec-
trostatic features correlate with both elongation cycle number
and preferred cyclization regiochemistry.92,105 Importantly,
mutational studies and rational domain swaps between PT
domains—from, for instance, asperthecin ApdA into the bi-
kaverin PKS—have successfully redirected ring-closure patterns
and yielded new anthraquinone-type scaffolds, demonstrating
that PTs are not only diagnostic of product class but can also be
treated as portable, engineerable cyclization modules in
combinatorial biosynthesis efforts.35,96,101 Taken together, these
structural, phylogenetic and engineering data rene and extend
PT section: they support the view that PT domains act as
substrate tunnels that prefold specic chain lengths and a-
substitution states (set upstream by KS and cMT) into dened
conformers, enforcing clade-specic rst- and second-ring
cyclization rules that can now be predicted from sequence
and increasingly reprogrammed by targeted design.

Downstream of PT-catalyzed cyclisation, fungal nrPKSs
employ a suite of PREs—canonical TEs and TE/CLC domains, R
domains and MbL-TEs—to both terminate synthesis and edit
off-programme intermediates (Fig. 6).106,107 Crystal and mecha-
nistic studies on the aatoxin nrPKS PksA rst established the
TE/CLC domain as a Claisen/Dieckmann cyclase that sits at the
end of a hydrophobic substrate chamber, where lid-loop
motions gate access of the ACP-tethered polyketide and
enforce C–C bond formation over simple hydrolysis; mutations
that perturb the catalytic Ser–His–Asp triad or distort the
chamber switch the balance toward hydrolysis and abortive
release, underscoring how TE cavity shape and dynamics help
dene macrolactone size and substitution (Fig. 7D).108–110 TEs
can also perform more complex chemistry, and this has been
substantiated by work on the THN, a key intermediate of
melanin, nrPKS Pks1 whose C-terminal TE/CLC is a true
bifunctional Claisen cyclase–deacetylase: in vitro reconstitution
showed that a single a/b-hydrolase fold catalyzes both cycliza-
tion of a monocyclic hexaketide and subsequent deacetylation
in one continuous reaction sequence, with lid-loop swaps
between related TE/CLCs demonstrating how subtle structural
changes redistribute activity between cyclisation and hydro-
lysis.111 More recently, studies on depside-forming nrPKSs have
expanded this picture: the lecanoric-acid synthase Preu6 from
Preussia isomera uses a TE that must physically collaborate with
the SAT domain to forge the didepside bond, and engineered
SAT–TE fusion proteins were shown to efficiently reprogramme
the same nrPKS chassis toward alternative didepsides.112,113

Likewise, the aquastatin nrPKS AquA employs a TE that cata-
lyzes both depside formation and hydrolysis, with phylogenetic
analysis revealing distinct TE clades depending on whether the
depside bond is made by TE or by SAT—again linking active-site
residues and cavity architecture to specic release
chemistries.48,114,115

Beyond classical a/b-hydrolase TEs, nrPKS systems also recruit
R domains and MbL-TEs to diversify product off-loading and to
Nat. Prod. Rep.
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maintain programming delity.116R domains embedded at the C-
terminus of some cMT-containing nrPKSs catalyze NAD(P)H-
dependent reductions of enzyme-bound thioesters to aldehydes
or alcohols, coupling redox tailoring directly to product release,117

while MbL-TEs—rst characterized in anthracenone and
naphthacenedione pathways—use a dimetal center to promote
tetracyclization or hydrolysis of highly reactive poly-b-keto inter-
mediates.118,119 Importantly, several TE and TE/CLC domains also
act as proofreading/editing factors rather than simple termina-
tors: detailed kinetic and crosslinking experiments on PksA
demonstrated that its TE/CLC can rapidly hydrolyze mis-loaded
starter units (hexanoyl/acetyl-ACP) and off-programme short
intermediates while sparing correctly extended malonyl-ACP
species, thereby clearing stalled ACPs and enforcing processive
Fig. 8 Trans-acting hydrolases enable polyketide release or C–C bond
collaborate with hrPKSs to mediate C–C bond formation or product rele
decarestrictine C1, and brefeldin A. Bonds forged or cleaved by the trans-
(B) Crystal structure of DcsB, the a/b-hydrolase-folded homodimeric tra
from ref. 50. (C) Citrinin biosynthesis directed by the nrPKS PksCT, with t
intermediates to maintain pathway fidelity. Adapted from ref. 132 and 133
which hydrolyzes ACP-bound thioesters to release carboxylic acids and, i
generate anthrone-like scaffolds. Transformations mediated by the tran
Adapted from ref. 135 and 136.

Nat. Prod. Rep.
extension to full-length product.108,120 Together with the SAT–KS–
MAT, cMT and PT layers discussed above, these product-
releasing enzyme modules complete the multi-checkpoint
control logic of nrPKSs: they not only dictate how and in what
form aromatic scaffolds are released (macrolactone, hydrolysate,
depside, reduced product), but also continuously “edit” the
assembly line to suppress side-pathway chemistry, a principle
that needs to be explicitly considered when re-engineering
nrPKSs for designer scaffolds or when swapping TE/R/MbL-TE
domains in combinatorial biosynthesis.121,122 Taken together,
these advances turn nrPKSs from enigmatic megasynthases into
increasingly predictable, though still delicate, programmable
platforms for exploring fungal aromatic chemical space and for
building designer polyketide libraries in heterologous hosts.
formation. (A) Representative cases in which trans-acting hydrolases
ase, including the biosynthesis of gregatin A, A26771B, phaeospelide A,
acting hydrolases are shown in red. Adapted from ref. 50 and 126–129.
ns-TE involved in decarestrictine C1 biosynthesis (PDB: 7D79). Adapted
he a/b-hydrolase CitA proofreading and hydrolyzing off-program acyl
. (D) TE-free nrPKS ACAS collaborates with trans-acting MbL-TE ACTE,
n related contexts, can additionally promote Claisen-type cyclization to
s-acting MbL-TE are indicated by red arrows and red bond highlights.

This journal is © The Royal Society of Chemistry 2026
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2.5. Collaborating and trans-acting enzymes

In contrast to the relatively self-contained nrPKSs discussed
above, many fungal iPKSs depend on discrete, trans-acting
product-releasing and editing enzymes to complete turnover
and enforce programming delity.123 Large-scale analyses of
chain-release mechanisms across fungal PKS and NRPS systems
have shown that a/b-hydrolase thioesterases, MbL-TEs, and
more unusual carnitine acyltransferase-like domains act as key
“off-switches” that determine when and in what form a growing
chain is released, while also excising stalled or mis-
programmed intermediates.124,125 This logic is clearly illus-
trated by hrPKS–TE pairs highlighted in Fig. 8A and B. In the
gregatin A pathway, a single hrPKS GrgA produces two chain
fragments that are fused and released by the trans-acting a/b-
hydrolase TE GrgF, which catalyzes a Claisen condensation
between two polyketide chains followed by hydrolytic off-
loading to give a linear dimer that spontaneously cyclizes to
the furanone core (Fig. 8A).50,126 For the 16-memberedmacrolide
A26771B, the hrPKS BerkA collaborates with the stand-alone TE
BerkB to generate the macrolactone backbone, with recent work
on the berkelylactone family and on subcellular localization in
Penicillium conrming that BerkB acts as the dedicated chain-
off-loading enzyme in a BGC that also encodes short-chain
dehydrogenase (SDR), avin-containing monooxygenase
(FMO), cytochrome P450 enzyme (CYP) and acetyltransferase
tailoring partners (Fig. 8A).49,127 Alternatively, hrPKS ApmlA
provides an intermediate polyketide backbone through 16-cycle
carbon chain elongation and then transfers themature levulinic
acid-linked carbon chain to the serine residue of trans-acting
independent TE ApmlB for intramolecular macrolactonization
to generate 34-membered polyene macrolide compound
phaeospelide A (Fig. 8A).128 Even more strikingly, the medium-
ring (10-membered) lactone core of decarestrictine C1 is
forged not by the PKS itself but by the trans-acting TE DcsB,
which was shown by Gao and co-workers to be an a/b-hydrolase
dimer with broad substrate promiscuity, able to catalyze ener-
getically disfavored medium-ring lactonizations on linear
polyketides of varying length and substitution, suggesting its
potential as a general lactonization biocatalyst (Fig. 8A and B).50

Similarly, in brefeldin A biosynthesis, the hrPKS Bref-PKS
generates a family of octaketide intermediates with different
reduction patterns, while a dedicated trans-acting thiohydrolase
Bref-TH selectively off-loads chains at a dened length; in vitro
reconstitution showed that in the absence of Bref-TH, the PKS
performs one extra extension–reduction cycle and produces
a non-native nonaketide, demonstrating that chain length is co-
programmed by the KS and by the partner TE (Fig. 8A).22,129

Beyond simple turnover, several trans-acting partners have
been shown to act as proofreading hydrolases that maintain
programming delity.130,131 The lovastatin pathway is a textbook
example: the hrPKS LovB and trans-ER LovC construct
dihydromonacolin L, but the intermediate is only efficiently
released when the cryptic serine hydrolase LovG is present. Xu
and co-workers demonstrated that LovG hydrolyses incom-
pletely processed b-ketothioesters which accumulate on LovB,
thereby clearing stalled intermediates and enabling productive
This journal is © The Royal Society of Chemistry 2026
release of correctly programmed dihydromonacolin L acid.31,130

An analogous trans-editing logic operates in the citrinin nrPKS
system PksCT (Fig. 8C): the neighboring a/b-hydrolase CitA was
shown to hydrolyze ACP-bound acyl intermediates in trans,
specically removing off-programme acetyl and short-chain
species while sparing properly extended malonyl-ACP, thus
preventing premature decarboxylation and stalling of chain
extension.132,133 Together, LovG and CitA exemplify a broader
theme emerging from recent biochemical work: many accessory
hydrolases in fungal BGCs serve as quality-control nodes rather
than classical “tailoring” enzymes, and engineering efforts that
ignore these nodes oen suffer from low titers and shunt
products.

Fungal systems have also revealed non-canonical release
strategies encoded within hrPKSs themselves, again empha-
sizing how collaborating domains shape product diversity. A
distinct clade of hrPKSs, typied by Tv6-931 from Trichoderma
virens, carries a C-terminal carnitine O-acyltransferase (cAT)
domain instead of a TE; Hang and co-workers showed that this
cAT can reversibly transfer the polyketide chain from ACP to
external polyol nucleophiles, generating polyol esters and
allowing product release and recapture in vitro,70 while later
work and genome-mining studies have highlighted Tv6-931-like
systems as versatile nodes for derivatization and glycosylated
polyketide formation.134 Complementing this, Tang and
colleagues recently characterized two hrPKSs with fused C-
terminal TE domains that catalyze ATP-independent amino-
acylation and thiolation of polyketide chains: their TEs select
cysteine or homocysteine side chains and perform reverse
thioesterication or direct amidation to release aminoacylated
products, revealing a new domain architecture for fungal
hrPKSs and suggesting that TE fusions can be harnessed as
plug-in biocatalysts to diversify polyketide termini.123 At the
other end of the spectrum, several nrPKSs lack any C-terminal
TE or R domain and instead rely on physically discrete MbL-
TE such as ACTE in the atrochrysone/anthracenone pathways
(Fig. 8D);135 nrPKS ACAS rst synthesizes atrochrysone carbox-
ylic acid on its ACP, and ACTE hydrolyses the ACP–thioester to
release the carboxylic acid and, in related systems, can even
catalyze Claisen-like cyclization.135,136 The TAN-1612 pathway
provides yet another variation: the nrPKS AdaA, which lacks
a terminal off-loading domain, cooperates with a trans-acting
MbL-TE (AdaB) and a FMO (AdaC) to achieve controlled ring
closure and hydroxylation;118 recent study in engineered yeast
has shown that perturbing AdaB/AdaC leads to hydrolytic
shunts and altered ring fusion patterns, underscoring how
release and tailoring enzymes act together as a coupled termi-
nation module.137 Collectively, the examples in Fig. 8A–E
support a unifying view: iPKSs are rarely “alone”—their chain
length, oxidation state, macrocyclization mode and even the
decision between productive turnover and editing are dictated
by a surrounding network of trans-acting TEs, hydrolases, cAT
and MbL-TE domains, which together constitute an additional
programmable layer that must be considered when designing or
refactoring fungal polyketide pathways.

Beyond standalone PKSs and their trans-acting release/
editing enzymes, a growing number of fungal pathways rely
Nat. Prod. Rep.
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on collaboration between two or more iterative megasynthases,
which together build, hand over, and remodel polyketide
backbones (Fig. 9A–C).138,139 A classic paradigm is the aatoxin
pathway in Aspergillus sp., where the yFAS HexA/HexB produces
hexanoyl-CoA that is transferred via a dedicated SAT to the
nrPKS PksA; this programmed hand-off enables construction of
the norsolorinic acid anthrone scaffold and illustrates how
a primary-metabolism FAS can function as an upstream “PKS
module” for a fungal nrPKS (Fig. 9A).140 An even more direct
division of labor is seen in dual iPKS systems, where an
upstream hrPKS generates a reduced fragment that is selectively
accepted by a downstream nrPKS SAT domain.141 In the
chaetoviridin/chaetomugilin azaphilone pathway of Chaeto-
mium globosum, the hrPKS CazF iteratively builds two alterna-
tive triketides, but the nrPKS CazM SAT domain recognizes only
the highly reduced (S,E)-4-methyl-hex-2-enoyl triketide and
ignores the more oxidized variant, thereby enforcing branch-
specic channeling toward the benzaldehyde core of the aza-
philones (Fig. 9B).88,142 Analogous hrPKS–nrPKS “quasi-
modular” pairs underlie the biosynthesis of resorcylic acid
lactone-type benzenediol lactones (BDLs) such as monocillin
II,28,143 and recent work in S. cerevisiae has shown that simply re-
balancing the expression levels of the two collaborating PKS
subunits by plasmid copy-number engineering can improve
BDL titers by up to 10-fold and unlock otherwise silent genome-
mined pathways.44 Related hrPKS–nrPKS ensembles have been
uncovered in other fungal scaffolds, including zearalenone and
radicicol, where domain-resolved studies highlight the central
role of the receiving SAT and PT domains in dictating which
upstream intermediates are accepted and how they are
cyclized.92,144,145

Cooperative architectures are not limited to hrPKS–nrPKS
pairs. In the terrein pathway of A. terreus, the nrPKS TerA only
reaches full catalytic efficiency when co-expressed with the PKS-
like partner TerB, whose reductive and scaffolding functions
tune chain processing and facilitate turnover of a key 6-
hydroxymellein-type intermediate.146,147 Even more elaborate
polyketide–polyketide hybrids arise when two independent
clusters cross-talk. The immunosuppressants dalmanol A and
acetodalmanol A in Daldinia eschscholzii emerge from the
coupling of a prPKS/trans-KR module (ChrA/ChrB) that builds
a chromane-type pentaketide with an nrPKS (PksTL) that
supplies a naphthalene fragment; a promiscuous mono-
oxygenase then triggers oxidative coupling between the two
polyketide halves, and co-expression of pksTL, chrA and chrB in
A. oryzae or even co-culture of strains expressing each cluster
separately is sufficient to reconstitute these hybrids (Fig. 9C).148

Together with recent synthetic-biology studies that systemati-
cally shuffle hrPKS–nrPKS pairs or mix-and-match collaborating
BDL synthases in yeast to generate panels of new scaffolds,44

these systems illustrate a general principle: iterative PKSs can
behave as semi-modular units whose productive cooperation
depends on nely tuned domain recognition and matched
expression levels, offering powerful yet non-trivial levers for
pathway engineering.

Beyond cooperative assemblies of multiple standalone PKSs,
evolution of C-terminal fusions between hrPKS and NRPS
Nat. Prod. Rep.
modules gives rise to hybrid PKS–NRPS megasynthases, in
which an iterative hrPKS installs a tailored polyketide chain that
is immediately channelled into a non-iterative NRPS module for
aminoacylation, Dieckmann-type cyclization and product
release (Fig. 9D).149 A prototypical example is the HIV-1 inte-
grase inhibitor equisetin, whose biosynthesis in Fusarium sp. is
directed by the hybrid enzyme EquiS: an N-terminal hrPKS
iteratively assembles a reduced octaketide, which is transferred
to a C-terminal NRPS module (condensation–adenylation–
thiolation/peptidyl carrier protein(PCP)–reductase domain, C–
A–T–R) that selects a specic amino acid, performs amide bond
formation, and catalyzes reductive Dieckmann cyclization to
generate the tetramic acid core (Fig. 9D).150,151 Genome-wide
mapping further shows that equisetin-type PKS–NRPS loci are
widely distributed across Fusarium and Alternaria sections,
underscoring that such hrPKS–NRPS dual modules represent
a broadly used solution for coupling polyketide and peptide
logic.152,153

A second, mechanistically distinct adaptation is represented
by truncated PKS–NRPS (PKS-C) hybrids, in which the PKS is
fused only to a single C-terminal C domain. In Talaromyces
wortmanii, the cryptic PKS-C enzyme TwmB was shown to iter-
atively build long-chain reduced polyketides and then use its
solitary C domain to amide-couple these chains to the u-amino
acid 5-aminopentanoic acid (5PA), yielding a family of long-
chain N-acyl amides (wortmanamides) that resemble lipid sig-
nalling molecules.154 Structural and mutational analysis indi-
cate that the noncanonical C domain behaves as a bona de
condensation catalyst with strict specicity for 5PA, effectively
acting as a built-in “release and tailoring” module that replaces
the usual TE/R-mediated off-loading.154 Recent work has
expanded this concept of noncanonical PKS–NRPS hybrids: Ji
and co-workers identied a PKS–NRPS megasynthase that
participates in the biosynthesis of the sterol-C4-methyl oxidase
inhibitor PF1163A, showing that atypical domain architectures
and release chemistries can be harnessed to generate pharma-
cologically relevant scaffolds.74 In parallel, genome-mining and
pathway reconstruction studies have uncovered additional
fungal PKS–NRPS hybrids that assemble phytotoxic N-acyl
amino acids and other hybrid metabolites, highlighting how
subtle changes in C-terminal domain composition (C vs. C–R vs.
C–TE) and docking interfaces rewire the fate of hrPKS-derived
chains.155–158

In even more complex cases, iPKSs collaborate with NRPS
and PKS–NRPS assemblies and even with entire partner clus-
ters, creating higher-order biosynthetic networks that underpin
many architecturally elaborate fungal metabolites (Fig. 9C).159 A
striking example is the azaphilone system in A. terreus, where
Huang and co-workers showed that four core enzymes—two
nrPKSs, one hrPKS and one NRPS-like enzyme—residing in two
physically separate BGCs cooperate to build a family of aza-
philones bearing four fused six-membered rings; transcrip-
tional and deletion analyses demonstrated that the two clusters
are connected by transcription factor-mediated crosstalk, and
that removal of any one of the four core synthases abolishes
azaphilone production.160 Similar dual-cluster azaphilone
systems are being uncovered in A. niger and related genera,
This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Assembly-line strategies involving collaborating iPKSs. (A) In aflatoxin biosynthesis, a secondary-metabolic yFAS (yeast FAS) system (HexA/
HexB) synthesizes a fatty-acid-derived chain that is transferred onto nrPKS PksA, where polyketide extension and cyclization occur; the red
carbon chain indicates the portion originating from yFAS. Adapted from ref. 140. (B) Chaetoviridin A formation requires the cooperation of hrPKS
CazF and nrPKS CazM: the red X marks oxidized hrPKS-derived intermediates that are not accepted by the CazM SAT domain, whereas the red
polyketide chain denotes the (S,E)-4-methyl-hex-2-enoyl triketide starter unit selectively recognized by CazM. Adapted from ref. 142. (C)
Dalmanol A and acetodalmanol A arise from coupling between a prPKS/trans-KR module (ChrA/ChrB), which produces a chromane-type
pentaketide, and the nrPKS PksTL, which furnishes a naphthalene-derived fragment; a downstream monooxygenase initiates oxidative coupling
between the two halves. A4THN, 2-acetyl-1,3,6,8-tetrahydroxynaphthalene. The blue substructure represents the ChrA/ChrB-derived fragment.
Adapted from ref. 148. (D) A prototypical fusion-megasynthase example is equisetin, assembled by the hybrid enzyme EquiS: an N-terminal
hrPKS iteratively constructs a reduced octaketide on ACP, which is then transferred to the C-terminal NRPS module (Domain abbreviations: C,
condensation; A, adenylation; PCP, peptidyl-carrier protein; DKC, Diekmann cyclase) for amino-acid selection, amide bond formation, and
Dieckmann-type cyclization to generate the tetramic-acid core. Red arrows trace the transfer of the fully reduced octaketide intermediate from
hrPKS to the NRPS PCP domain. Adapted from ref. 150 and 151.

This journal is © The Royal Society of Chemistry 2026 Nat. Prod. Rep.
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reinforcing the idea that inter-cluster communication is an
encoded feature of some fungal polyketide networks rather than
a rare curiosity.161,162

Conversely, hrPKSs can function as trans partners to PKS–
NRPS assembly lines, providing tailor-made amino-acid-like
building blocks that are then incorporated and rearranged by
the hybrid enzyme.163 The oxaleimide pathway in Penicillium
species denes a prototypical model: Sato and co-workers
showed that a standalone hrPKS synthesizes an olen-
containing non-proteinogenic amino acid, which is released
and then activated by the A domain of a PKS–NRPS; aer amide
bond formation, intramolecular cyclisation and oxidative
tailoring yield maleimide- and succinimide-containing natural
products, illustrating a bidirectional communication in which
the PKS–NRPS both receives and remodels hrPKS products.163

More recent work on NRPS–PKS hybrids, such as the naringenin
synthetase FnsA from Pestalotiopsis ci, further broadens this
picture: here, an NRPS-like module activates and loads tyrosine,
and a downstream PKS module extends and cyclizes the teth-
ered amino acid into a avanone scaffold, demonstrating that
PKS and NRPS domains can be arranged in either orientation to
create hybrid “mini-assembly lines” for polyketide–peptide
scaffolds.164,165 Across these systems, structural and biochemical
studies consistently highlight the central role of docking
domains and transient protein–protein interfaces between PKS
and NRPS modules in mediating intermediate transfer,166 and
recent analysis have begun to correlate specic linker archi-
tectures and interface motifs with the efficiency and direction-
ality of handover—information that is now being exploited in
combinatorial engineering of fungal PKS–NRPS systems.167,168

Together with the multi-PKS collaborations described above,
these higher-order PKS–NRPS and multi-cluster networks
underscore that fungal “PKS programming rules” extend
beyond single megasynthases to encompass inter-enzyme,
inter-module and even inter-cluster communication,
providing both rich opportunities and non-trivial constraints
for the design of hybrid polyketide platforms.
3. Combinatorial biosynthesis
enabling chemical diversity

The discovery of new therapeutics still relies on navigating
a vast and sparsely sampled chemical space, with individual
drug candidates typically requiring more than a decade of
development and median research and development invest-
ments approaching US$ 1–1.5 billion before approval.169–171 In
this context, small-molecule natural products occupy
a disproportionate share of successful drugs: analyses of
approvals between 1981 and 2019 indicate that roughly one
quarter of all new chemical entities, and an even higher frac-
tion of anti-infective and anticancer agents, are either natural
products, semi-synthetic derivatives, or synthetic compounds
bearing natural-product pharmacophores (506 of 1881
approvals).4 Such success is rooted in the way biosynthetic
pathways assemble densely functionalized, stereochemically
rich scaffolds that are difficult to access by purely synthetic
Nat. Prod. Rep.
means. However, this very complexity also limits classical
medicinal chemistry: for many fungal polyketides, multi-step
derivatization or scaffold remodeling is technically chal-
lenging, low throughput, and hard to scale, so systematic
structure–activity relationship (SAR) exploration remains
constrained.172,173

At the same time, the clinical need for new molecules
continues to intensify. The spread of multi-drug resistance in
bacterial and fungal pathogens, reduced efficacy of long-used
chemotherapeutics, and emerging indications such as
immune modulation and microbiome-targeted therapies all
demand scaffolds with new modes of action and tunable
physicochemical properties.174 Recent genome-mining efforts
reveal that lamentous fungi encode a large number of cryptic
polyketide BGCs whose products remain uncharacterized,
underscoring the untapped potential of fungal secondary
metabolism.42,175 Iterative hrPKSs and nrPKSs are central to this
hidden chemical space, and the mechanistic “programming
rules” underlying their chain-length control, redox tailoring,
and cyclization logic summarized in the previous chapter
provide a rational foundation for engineering these assembly
lines rather than relying on random discovery.176 Against this
backdrop, combinatorial biosynthesis has emerged as a power-
ful strategy to generate new-to-nature polyketides by recom-
bining and rewiring the enzymatic components of fungal
pathways instead of solely optimizing downstream chemistry.177

In fungal systems, this encompasses three interlocking layers
that we will focus on in this chapter (Fig. 10). First, precursor-
directed biosynthesis modies the supply and identity of
starter and extender units feeding iPKSs, enabling programmed
variation in chain length, oxidation state, and branching
patterns while keeping the core megasynthase architecture
intact.178 Second, the modular logic of hrPKSs, nrPKSs, and
their hybrids can be exploited through domain, linker, and
subunit engineering, reshuffling PT-controlled cyclization
patterns, SAT/KS interfaces, and PKS–NRPS couplings to access
alternative backbone topologies and substitution patterns, as
demonstrated by recent large-scale PKS recombination plat-
forms that systematically map success rates and identify gate-
keeping constraints.33,179 Finally, combinatorial tailoring
leverages the intrinsic promiscuity and engineerability of
oxidases, transferases, and other peripheral enzymes to deco-
rate both native and engineered backbones with diverse func-
tional groups, with recent work showing that genome-guided
recruitment of glycosyltransferases, P450 monooxygenases, and
related enzymes can systematically expand glycosylated and
oxidized natural product families.29,180,181

In the following sections, we therefore treat combinatorial
biosynthesis as an extension of the programming logic di-
scussed above into a design framework for fungal cell factories.
Rather than merely cataloguing case studies, we organize the
eld by strategy—precursor-directed biosynthesis, domain and
linker engineering of PKSs, subunit shuffling in polyketides and
related systems, tailoring enzymes on non-native scaffolds, and
enzyme engineering including directed evolution and machine-
learning-guided design—and emphasize how each approach
reshapes the accessible polyketide chemical space in practice
This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Strategies for generating structurally diversified non-natural polyketide analogues. (A) Precursor-directed biosynthesis, in which engi-
neered PKSs or associated enzymes are supplied with tailored starter or extender units (e.g., modified acyl-CoAs or malonyl-CoA analogues) to
expand chemical space beyond native substrates. This strategy enables incorporation of non-natural building blocks while maintaining the
programmed chain-extension logic of the native megasynthase. (B) Combinatorial biosynthesis, encompassing domain swapping, subunit
swapping, and post-PKS tailoring–enzyme recombination, allows the construction of hybrid assembly lines with altered reduction patterns,
modified cyclization trajectories, or newly installed oxidative decorations. This includes exchanging KS–AT–DH–cMT–ER–KR–ACP modules
among homologous iPKSs, merging hrPKS/prPKS/nrPKS partners, or mixing PT/TE selectivity rules to reshape backbone scaffolds and ring
topologies. (C) Enzyme engineering, including structure-guided site-directed mutagenesis, interface reprogramming, and directed evolution,
tunes substrate specificity, redox selectivity, and chain-length control. These methods enable rational rewiring of active sites or protein–protein
interaction surfaces to create PKS variants capable of generating non-natural scaffolds with improved catalytic efficiency or novel pharmaco-
phore features.
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(Fig. 10). Where possible, we highlight not only successful
examples but also quantitative lessons from large libraries and
partially successful or failed constructs, which collectively begin
to reveal general design rules and bottlenecks for programming
fungal polyketide diversity in a predictable, cell-factory-
compatible manner.
This journal is © The Royal Society of Chemistry 2026
3.1. Precursor-directed biosynthesis

Precursor-directed biosynthesis diversies fungal polyketides at
the level of building blocks by exploiting the intrinsic substrate
plasticity of biosynthetic enzymes. Instead of re-engineering the
megasynthase architecture, native or heterologously expressed
pathways are supplied with non-native starter or extender
Nat. Prod. Rep.
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Fig. 11 Starter-unit flexibility of the TE-free nrPKS PksA revealed by precursor-directed biosynthetic assays. Purified PksA was supplied with
a focused panel of non-native acyl-SNAC starter units, demonstrating that its SAT domain can accommodate substrates with diverse chain
lengths and distal substituents while still directing assembly toward naphthopyrone scaffolds. Most alternative acyl-SNAC thioesters were
efficiently elongated, folded, and cyclized according to the native PksA programming logic, producing on-target naphthopyrone analogues with
only minor shifts in derailment product profiles. Adapted from ref. 185.
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analogues (typically as CoA or N-acetylcysteamine (SNAC) thio-
esters), or with multipotent advanced intermediates, so that the
iPKS machinery channels them into “pseudo-natural” scaffolds
(Fig. 10A).182 In fungal systems this strategy is particularly
attractive because many hrPKSs and nrPKSs already tolerate
variation in chain length, oxidation state and b-substituents;
precursor engineering therefore reads out directly as new ring
systems, substitution patterns and handles for downstream
diversication, without the need to rewire domain–domain
interfaces.

A seminal fungal example is the C. indicum nrPKS pksCH-2,
whose heterologous expression in A. oryzae rst revealed
a chaetophenol scaffold and then a multipotent isochromene
intermediate that can branch into multiple product families.
Epigenetic activation and heterologous expression of pksCH-2
in A. oryzae enabled access to chaetophenol A and related
metabolites, establishing this nrPKS as the core enzyme of the
pathway.183,184 Building on this, Asai and co-workers combined
heterologous production of the isochromene intermediate with
a semi-synthetic diversication campaign, using its intrinsic
ortho-quinone methide reactivity to generate a large panel of
pseudo-natural polyketides, including oligomeric naphthopyr-
ones, azaphilone-type structures, isoquinoline-like compounds
and indole–polyketide hybrids.183 This chemobiosynthetic
workow—biosynthetic generation of a multipotent interme-
diate followed by non-enzymatic remodeling—illustrates how
precursor-directed strategies can translate the promiscuity of
fungal nrPKSs into densely populated local regions of chemical
Nat. Prod. Rep.
space while keeping the underlying gene cluster architecture
unchanged.

Studies on aatoxin biosynthesis further underscore how
iPKS programming can be leveraged at the starter-unit level.
The aatoxin B1 nrPKS PksA normally receives a specic hexa-
noyl starter from the upstream FAS, but in vitro assays with
puried PksA and a focused panel of acyl-SNAC thioesters
showed that the SAT domain can accept a surprisingly broad set
of starter units with altered chain length and distal substituents
while still delivering on-target naphthopyrone products
(Fig. 11).185 Most tested acyl-SNACs were elongated and cyclized
according to the native programming rules, with only modest
changes in derailment products, revealing that gatekeeping
occurs mainly at the level of global geometry rather than ne
chemical detail.185 Related work on collaborating hrPKS–nrPKS
systems, such as the Hpm8/Hpm3 pair from hypothemycin
biosynthesis, demonstrated that hrPKSs can also accept b-
ketoacyl-SNAC intermediates and process them through
multiple extension and redox cycles, again highlighting that
iterative PKSs can be treated as chemoenzymatic reactors for
pre-formed intermediates rather than only de novo acyl-CoA
starters.186 Together with earlier chain-length control studies
on dual iPKS systems that fed tailored acyl-SNAC mimics to
partner reductases, these experiments begin to quantitatively
map which positions along the starter unit and growing chain
are tolerant to modication, and which are tightly constrained
by the catalytic cavities of SAT, KS and downstream tailoring
domains.22
This journal is © The Royal Society of Chemistry 2026
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More recent work has extended these principles towards
scalable discovery and functionalization. In yeast systems,
increasing the copy number of engineered polyketide BGCs
has been used to boost titers and to facilitate detection of low-
abundance “unnatural” analogues arising from intrinsic
precursor promiscuity, illustrating how pathway-level engi-
neering alone can amplify the readout of these effects even
without external precursor feeding.44 Beyond fungi, chemo-
biosynthetic campaigns on complex bacterial polyketides such
as FK506 have used domain-specic knowledge of extender-
unit selection to introduce clickable propargyl groups via
precursor-directed routes, affording high-titer FK506
analogues that are directly compatible with bioorthogonal
chemistry.178 Likewise, precursor-directed access to odd-chain
polyunsaturated fatty acids and other polyketide-like lipids is
emerging as a way to generate standards and probe biological
function.187 Similar strategies that expand malonyl- or
methylmalonyl-CoA supply, or introduce synthetic routes to
non-native acyl-CoAs, have been shown to increase titers and
diversify products in engineered polyketide pathways, under-
scoring that “endogenous” precursor perturbation and che-
mobiosynthetic feeding represent two complementary modes
of precursor-directed biosynthesis rather than distinct cate-
gories.188 These examples reinforce a general design logic:
once the tolerance window of each iPKS domain to starter or
extender analogues is quantitatively dened, precursor pools
can be rationally perturbed to install handles (for example
alkynes, halogens or photo-crosslinkers) and to probe struc-
ture–activity relationships without reconguring the under-
lying assembly line. In the context of fungal polyketides,
precursor-directed biosynthesis therefore represents
a conceptually simple yet powerful rst layer of combinatorial
design that complements the domain, subunit and tailoring
strategies discussed in the following sections.
3.2. Combinatorial biosynthesis

3.2.1. Domain swapping. At the level of the megasynthase
architecture, domain swapping in iPKSs aims to rewire
programming by splitting the enzyme into structurally coherent
fragments and recombining them with non-cognate partners,
oen in combination with rational linker design (Fig. 10B).189 In
fungal nrPKSs, a common strategy is to x a single N-terminal
loading/elongation cassette (typically SAT–KS–MAT) that
denes the chain-extension regime, and then systematically
pair it with alternative PT, ACP and TE domains to read out how
each downstream module shapes cyclization and product
release.190 Early combinatorial experiments with the cerco-
sporin synthase CTB1 and the atrochrysone synthase ACAS
exemplied this logic: CTB1 SAT–KS–MAT was treated as
a generic C14 chain-builder and fused in vitro with heterologous
PT/ACP/TE cassettes, revealing that ACAS PT could redirect the
same C14 intermediate into a pannorin-type a-pyrone scaffold,
while other PT/TE combinations yielded alternative shunt
products or stalled intermediates.106,191,192 These chimeric
assemblies showed that, once a SAT–KS–MAT block is chosen,
domain swaps downstream predominantly reprogram rst-ring
This journal is © The Royal Society of Chemistry 2026
topology and release chemistry rather than chain length, and
that viable non-natural scaffolds only emerge when PT and TE
can both accommodate the geometry of the same growing
intermediate.91 Subsequent work has extended this modular
view to intact fungal nrPKSs expressed in vivo. In A. nidulans,
swapping the C-terminal domains of the A. niger DtbA PKS with
phylogenetically related PT/TE cassettes produced distinct
benzaldehyde versus carboxylate-terminated products, again
highlighting that altered domain combinations can uncover
cryptic release modes and access non-native aromatic frame-
works without changing the core SAT–KS–MAT engine.193

Collectively, these fungal studies dene the “classical” domain
swapping paradigm: maintain one iterative condensing region
to preserve the basic chain-building logic, while permuting
cyclization and release domains to diversify polyketide ring
systems. At the same time, their variable success rates also
exposed a recurring bottleneck that will recur throughout this
chapter—namely, that the precise placement of domain
boundaries and linkers is as critical as the choice of domains
themselves (Fig. 12).

Recent advances in modular PKS engineering provide
a complementary, technology-driven perspective that is directly
relevant for rening domain and linker design in iterative
systems. Biosensor-guided screens of hundreds of AT-swapped
type I PKS chimeras with randomized junctions showed that
only a small fraction of naive boundary choices preserve both
solubility and wild-type production levels, and that “good”
boundaries cluster near structurally conserved helices and loop
regions.189 Likewise, AlphaFold-assisted design of chimeric
modular PKSs, combined with systematic testing of docking
geometries, demonstrated that computationally selected junc-
tions can yield active synthases that integrate seamlessly into
engineered pathways and produce diverse non-natural poly-
ketides.139 These studies underlying design principles—
choosing boundaries that respect local secondary structure,
preserving key inter-domain contacts, and using high-
throughput readouts to rene linker placement—are directly
transferable (Fig. 12).

Although conceptual and technical advances from modular
PKS engineering provide valuable guidance, important mecha-
nistic differences distinguish bacterial modular systems from
fungal iPKSs. In modular PKSs, each module is typically used
once per elongation cycle, and domain boundaries oen
correspond to naturally separable units. In contrast, fungal
iPKSs reuse the same catalytic domains across multiple itera-
tions, and ACP must repeatedly shuttle among competing
catalytic sites within a conned megasynthase architecture.16,17

As a result, swapping a single cassette in an iterative system can
propagate ripple effects across multiple rounds of extension,
altering reduction timing, cyclization trajectory, and release
logic in ways not typically observed in modular assembly lines.
Thus, while boundary conservation, docking-face compatibility,
and structural modeling are broadly transferable principles, the
iterative reuse of domains and dynamic ACP routing impose
additional layers of constraint unique to fungal iPKSs. Appre-
ciating these distinctions is essential to avoid overgeneralizing
modular assumptions to iterative systems. Together with
Nat. Prod. Rep.
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Fig. 12 Structural basis of naive versus structure-guided domain swapping in fungal iPKS. (1) Structural analysis. Experimentally determined or
predicted PKS structures obtained by cryo-electron microscopy (cryo-EM) or AlphaFold are used to define domain organization, linker regions,
and inter-domain interfaces. (2) Boundary engineering. In naive domain swapping, exchange boundaries between the N-terminal domain
(domain A, blue) from one PKS and the C-terminal domain (domain B, orange) from another PKS are selected based on approximate sequence
annotations, often cutting through critical linker or interface regions, leading to disrupted domain alignment. In contrast, structure-guided
swapping defines boundaries using structural models or interface predictions, preserving essential linker segments and inter-domain interac-
tions. (3) Functional outcomes. Naive swapping typically produces misassembled or poorly active chimeric PKSs due to loss of structural
coupling, whereas structure-guided swapping maintains architectural integrity and enables functional recombinant enzymes capable of
productive polyketide biosynthesis. Adapted from ref. 139 and 189.
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emerging structural dissection of fungal condensing regions
that pinpoints how SAT–KS interfaces select acyl groups and
control initiation,23 these advances set the stage for the
following sections, where we discuss how domain and linker
engineering of SAT–KS–MAT, KR, PT and TE can systematically
reshape chain length, cyclization patterns and release modes in
iterative fungal PKSs.194

Domain and linker engineering experiments on starter-unit
selection have claried how much of chain length control is
“hard-wired” into the KS domain versus upstream SAT choice. In
the asperfuranone pathway of A. nidulans, the nrPKS AfoE was
rst established as the backbone synthase for a C14 aromatic
scaffold.195 Building on this, Liu and co-workers developed an in
vivo swapping platform in A. nidulans in which the SAT domain
of AfoE was replaced by SAT domains from ten other nrPKSs,
including the isoquinoline-forming AN3386.196 The AfoE–
AN3386 chimera accepted a longer, AN3386-type starter unit
and produced a new C14 aromatic polyketide in vivo, demon-
strating that SAT exchange can redirect which acyl unit is loaded
onto the ACP (Fig. 13).196 However, when larger N-terminal
fragments such as SAT–KS–MAT or SAT–KS–MAT–PT were
swapped, the dominant products shied to C16 scaffolds,
revealing that the KS cavity, rather than the SAT domain, sets
the upper limit of chain length that can be accommodated
Nat. Prod. Rep.
before cyclization (Fig. 13).196 Together with earlier “unnatural”
asperfuranone hybrids created by installing the AfoE SAT into
the sterigmatocystin synthase StcA,197 these studies support
a general design rule already hinted at by CTB1/ACAS chimeras
in the previous section: SAT swaps are a powerful way to alter
starter identity and thereby tune substituents at one end of the
backbone, but the KS active site remains the principal gate-
keeper for overall chain length and cannot be bypassed simply
by changing the loading domain. Recent work on other iPKSs
reinforces and extends this picture. Systematic starter-unit
feeding to the aatoxin nrPKS PksA showed that a wide panel
of acyl-SNAC primers could be elongated and cyclized to the
same naphthopyrone framework, with derailment occurring
only when starter length or branching exceeded the geometric
tolerance of the KS–ACP chamber.185 In basidiomycete nrPKSs,
mutational analysis and chimeric constructs demonstrated that
exchanging closely related KS domains alone can shi product
chain length, even when SAT domains are deleted or held
constant, again pinpointing the KS as the decisive chain-length
determinant.16,51 For collaborating hrPKS–nrPKS pairs from
Rhytidhysteron rufulum, Wang and co-workers further showed
that altering KS active-site residues and interface geometry
reshapes the distribution of S-type benzenediol macrolactones,
whereas changing upstream loading pathways primarily affects
This journal is © The Royal Society of Chemistry 2026
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Fig. 13 Domain organization and SAT-domain swapping between the iPKSs AN3386 and AfoE. The native nrPKS AfoE synthesizes a C14 aromatic
scaffold, whereas the isoquinoline-type PKS AN3386 initiates polyketide assembly with a longer starter unit. In vivo domain-exchange experi-
ments showed that replacing the AfoE SAT domain with that of AN3386 redirects the loading step, enabling incorporation of a longer AN3386-
type starter unit and yielding a new C14 aromatic polyketide. Starter units introduced by different SAT domains are highlighted in blue or pink. In
contrast, swapping larger N-terminal fragments (e.g., SAT–KS–MAT or SAT–KS–MAT–PT) shifted the major products to C16 scaffolds,
demonstrating that the KS active-site cavity determines the maximum elongation length that can be accommodated before cyclization. This KS-
governed chain-length constraint is indicated by bold black bonds marking the accepted extender-unit span. Adapted from ref. 196.
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ux into the system rather than the intrinsic chain-length
preference of the nrPKS.198 Complementary structural and
evolution-guided studies in modular bacterial PKSs,33 where
conserved KS-boundary motifs were identied as safe fusion
points that preserve chain-length control, suggest that
respecting the local architecture around KS active sites will be
equally critical when designing fungal chimeras. Altogether,
these results frame domain and linker engineering of SAT–KS–
MAT cassettes as a way to decouple “which starter enters” from
“how far the chain is extended”: SAT swapping and precursor
engineering provide handle-like perturbations at the initiation
step, while KS-centered design denes the chain-length window
within which the downstream PT, reductive domains and TE
can further sculpt cyclization patterns and release modes.
This journal is © The Royal Society of Chemistry 2026
Once the SAT–KS–MAT cassette has xed the chain-length
window, a second layer of programming is imposed by the KR
and cMT domains, which decide at which iterations b-keto
groups are reduced or methylated. Domain and motif swaps in
these regions have therefore been used to rewire methylation
patterns and oxidation states without altering the underlying
backbone length.23 In the tenellin–desmethylbassianin–
militarinone family of hrPKS-NRPS hybrids, exchanging sub-
fragments of the cMT, jKR and KR domains between TENS,
DMBS and MILS leads to mixtures of penta-, hexa- and hepta-
ketide pyridones with altered C-methylation patterns, directly
linking subtle changes in the reductive module to shis in both
chain length and methylation “dosing” during the programmed
iterations.58,199 Recent AlphaFold2-guided engineering of the
Nat. Prod. Rep.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00092k


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

3:
54

:4
9 

A
M

. 
 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
TENS KR domain has sharpened this picture: swapping a 15-
residue “substrate-binding helix” from the hexaketide synthase
DMBS into TENS, or re-installing smaller DMBS- or MILS-
derived motifs, reproducibly increases the fraction of hexa-
ketide products at the expense of the native pentaketide,
whereas single-site mutations in the same region have only
marginal effects.32 Similar principles are now being explored in
modular PKSs, where Keiser and co-workers systematically
exchanged KR domains to probe and re-engineer stereocenter
formation along bacterial assembly lines, underscoring that
precise editing of gatekeeping elements—rather than indis-
criminate domain swapping—is a broadly applicable route to
combinatorial diversication across both iterative and modular
systems.200 These experiments reinforce two practical lessons
for combinatorial biosynthesis with iPKSs: (i) methylation and
reduction can indeed be reprogrammed by transplanting cMT/
KR substructures from cognate systems, but (ii) productive
changes usually require swapping whole motifs or domains,
with boundaries chosen to preserve local secondary structure
and inter-domain packing, rather than isolated point
mutations.201

Complementary studies in stand-alone fungal hrPKSs
converge on the same design logic. Using the lovastatin non-
aketide synthase LovB as a model, Cacho and co-workers
showed that the embedded MT domain is catalytically compe-
tent on multiple b-ketoacyl substrates but is kinetically tuned to
act with highest efficiency on its native tetraketide intermediate,
thereby enforcing stage-specic methylation during the itera-
tion cycle.56 Follow-up biochemical and structural work on the
PksCT cMT domain from citrinin biosynthesis, including
domain dissection and reconstitution with chimeric partners,
demonstrated that inserting or removing cMT from otherwise
identical nrPKSs can slow extension and introduce new meth-
ylation events, consistent with direct competition between KS
and cMT for the same ACP-bound intermediates.94 More
recently, methyltransferase-focused genome mining has begun
to identify PKSs with unusual cMT motifs and to validate them
as sources of non-canonical methylation patterns, providing
a forward-engineering route to “dial in” atypical C-methylation
on fungal backbones.194,202 Together with KR-helix swaps in
TENS and related systems,32 these results position reductive and
methyltransferase domains as programmable “ne-tuning
knobs” layered on top of KS-dened chain length: by carefully
choosing domain or motif donors and respecting structurally
informed junctions, combinatorial biosynthesis can systemati-
cally reshape oxidation state and C-methylation patterns of
iterative fungal polyketides, setting the stage for the PT and TE
engineering strategies.

Once chain length and oxidation state have been set by the
SAT–KS–MAT and reductive modules, PT domain imposes
a third layer of programming by dictating how the linear poly-b-
keto chain is folded and which carbons are joined in the rst
aldol cyclization. In fungal nrPKSs, PT domains channel iden-
tical or closely related ACP-tethered intermediates into distinct
aromatic and macrolactone scaffolds, and are therefore natural
levers for combinatorial control of ring topology.98 Recent work
on basidiomycete nrPKSs, where swapping or deleting PT
Nat. Prod. Rep.
domains leads to wholesale shis in cyclization outcome and
accumulation of off-pathway shunt products, reinforced that
PTs act as strict gatekeepers for the regioselective aldol reaction
and must be co-optimized with KS and TE when building
chimeras.16 Structural and mechanistic studies have begun to
resolve the basis for this gatekeeping: the dissected PksA PT
adopts a double-hot-dog fold with a deep, two-part reaction
chamber that enforces C4–C9 cyclization geometry,97 while
more recent crystallographic and computational analyses of
a bacterial PT domain controlling C2–C7 orsellinic acid cycli-
zation highlight how subtle rearrangements in the binding
pocket and phosphopantetheine channel can switch between
different aldol modes.102,203 These insights provide a structural
context for interpreting PT domain swaps in fungal combina-
torial biosynthesis.

BDL macrolides illustrate how PT exchanges can be used to
redirect rst-ring topology and generate new scaffolds. Resor-
cylic acid lactone (RAL)- and dihydroxyphenylacetic acid lactone
(DAL)-type BDLs differ only in how the benzenediol ring is
connected to the macrolactone (C2–C7 versus C3–C8), yet they
are produced by closely related hrPKS–nrPKS pairs whose PT
domains encode distinct cyclization rules.198 By swapping the
PT domains of the monocillin II nrPKS CcRadS2 and the 10,11-
dehydrocurvularin nrPKS AtCurS2, Xu and co-workers con-
verted the native C2–C7 (RAL-type) condensation into a C3–C8
(DAL-type) cyclization and accessed the non-natural macro-
lactone radilarin, while otherwise preserving the upstream
programming of chain length and reduction pattern.204

Complementary “rst-ring reprogramming” studies, in which
a handful of active-site residues in the bikaverin and aatoxin
PT domains were mutated or transplanted, showed that altering
key pocket-lining positions can ip between C2–C7, C4–C9 and
C6–C11 aldol modes and output different aromatic frameworks
from the same linear precursor.204 Together with emerging PT-
focused engineering in newly characterized nrPKSs that
couple mutagenesis with in vivo chimera libraries,35 these
examples position PT domains as modular “cyclization
switches”: when domain and linker boundaries are chosen to
preserve the KS–PT–ACP interface, swapping or subtly rede-
signing PTs allows combinatorial biosynthesis to systematically
remap rst-ring topology on a KS-dened backbone.

As the last step in the iPKS assembly line, TE or R domains
impose a decisive layer of programming by dictating how the
PT-shaped intermediate is released—as a macrolactone, pyr-
one, hydrolyzed acid or reduced aldehyde.198 In fungal nrPKSs
that make BDL macrolides, O–C bond-forming TEs from
AtCurS2 and CcRadS2 catalyze macrocyclization of benzene-
diol–polyene intermediates to distinct ring sizes and substitu-
tion patterns, and swapping these closely related TEs alters the
balance between macrocycles and pyrone shunt products,
demonstrating that even subtle changes in the TE pocket
reshape the accessible scaffold set.205 Heterologous expression
and domain swapping in the A. niger nrPKS DtbA further
underscore this gatekeeping role: replacing the native R
domain, which normally performs NAD(P)H-dependent reduc-
tive release to benzaldehydes, with TE domains from AusA or
ANID_06448 produced new polyketides in which the
This journal is © The Royal Society of Chemistry 2026
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corresponding positions are liberated as carboxylic acids,
whereas other TE choices failed to give detectable products.206

More systematic dissection of nrPKS TEs has shown that their
intrinsic programming—whether they favor macro-
lactonization, hydrolysis or pyrone formation—is tightly
coupled to both chain length and the geometry of the rst ring
installed by SAT–KS–PT, such that small perturbations in
intermediate shape can ip the outcome between productive
macrocycles and stalled, off-pathway species.198 Furthermore,
high-resolution structures of modular polyene macrolide TEs
have revealed how active-site tunnels and transient dimer
interfaces choreograph macrocycle closure, and how mutating
gatekeeping residues can redirect release towards alternative
macrocycles or linear acids.43 Together, these studies frame TE
and R domains as context-dependent “nal lters” in domain-
swapped PKSs: they can unlock new release modes and func-
tional groups, but only when their active-site geometry is
compatible with the KS-dened chain length and PT-dened
ring topology, a constraint that strongly shapes the success
rate of combinatorial TE/R engineering.

Domain swapping at the junction between PKS and NRPS
modules presents a related, and oen even stricter, set of
constraints. In a landmark combinatorialization of fungal PKS-
NRPS hybrids, ve enzymes (PsoA, CpaS, LovB, EqxS and FsdS)
responsible for chemically diverse natural products were fused
in 57 different module combinations, yet only six chimeras
produced detectable polyketide–peptide hybrids, and four of
these corresponded to known scaffolds.207 The low productivity
rate in this large-scale recombination experiment (∼10%)
provides one of the clearest semi-quantitative illustrations of
the intrinsic constraints governing domain recombination in
fungal PKS–NRPS systems. Detailed comparison between
productive and non-productive constructs suggested that most
failures arose not from catalytic incompetence of individual
domains, but from mis-matched inter-domain interfaces at the
ACP–C junction, incompatible trajectory of the tethered phos-
phopantetheine arm, or steric conicts between the incoming
polyketide intermediate and the NRPS condensation pocket.207

These results underscore that interface geometry, rather than
primary sequence homology alone, is a dominant determinant
of chimera viability. More recent structural and biochemical
work on NRPS elongation modules, including minimal C
domain docking elements and extended T–C interfaces, has
provided a physical basis for these observations by mapping
how specic helices and loop surfaces mediate productive ACP/
T-domain engagement and trans-thioesterication.121,208 In
parallel, engineering of PKSs with synthetic docking domains
and orthogonal coiled-coil or SpyTag/SpyCatcher interfaces has
illustrated that articial connector motifs can, in principle,
overcome some native incompatibilities at PKS–PKS and PKS–
NRPS junctions, but only when the designed interface preserves
the spatial orientation of the catalytic domains.209

Taken together, lessons from both successful and failed
engineering attempts allow failure modes in fungal iPKS
domain swapping to be categorized into several recurring
classes: (i) mis-matched inter-domain interfaces that disrupt
catalytic handoffs; (ii) incompatibility in ACP trajectory or
This journal is © The Royal Society of Chemistry 2026
phosphopantetheine reach; (iii) substrate tunnel or cavity
mismatch at the KS or TE level; (iv) TE or R release chemistry
misalignment with upstream cyclization geometry; and (v)
expression and solubility deciencies of large chimeric mega-
synthases. Importantly, many unsuccessful constructs fail for
geometric rather than catalytic reasons, emphasizing that
spatial and conformational logic—rather than mere domain
identity—governs iPKS programming. Recognizing and classi-
fying these bottlenecks elevates domain swapping from
empirical recombination toward structurally informed design
(Fig. 12).

3.2.2. Subunit swapping. Beyond intra-enzyme domain
swaps, collaborating hrPKS–nrPKS pairs themselves can be
treated as exchangeable modules (Fig. 10B). In BDL pathways,
each scaffold is assembled by a dedicated hrPKS “priming”
subunit followed by a partner nrPKS “tailoring” subunit, and
subunit swapping between homologous pairs has been used to
diversify macrolactone architectures without changing the
underlying iterative logic.210 In a seminal study, Xu and co-
workers rebuilt four BDL synthase pairs (CcRadS1–CcRadS2,
AzResS1–AzResS2, LtLasS1–LtLasS2 and AtCurS1–AtCurS2) in S.
cerevisiae and combinatorially co-expressed all 16 possible
hrPKS–nrPKS combinations; 14 of these produced isolable
macrolactone products, many of which were non-cognate
frameworks not observed in nature (Fig. 14A).143 In most cases
the hrPKS could be swapped wholesale without loss of activity,
and the nrPKS faithfully imposed its native PT- and TE-
controlled ring topology on the incoming benzenediol side
chain, indicating a high degree of modular compatibility at the
subunit level.143 However, certain hrPKS–nrPKS combinations
only became productive when the nrPKS SAT domain was
replaced with a more promiscuous counterpart, underscoring
that even in this relatively “friendly” homologous space, the
trans-acting loading preference of the nrPKS can become
a bottleneck for subunit-level recombination (Fig. 14A).198 From
a design perspective, these results complement the domain-
level engineering described above: rather than rewiring SAT–
KS–PT–TE inside a single PKS, subunit swapping treats the
entire hrPKS or nrPKS as a plug-and-play unit, while still relying
on SAT and TE as key gating elements that must be matched
appropriately across subunits.

Subunit shuffling between cryptic and well-characterized
BDL synthases has revealed additional programming layers
that are only apparent when hrPKS and nrPKS subunits from
different pathways are recombined.211 Genome mining of the
dothideomycete Rhytidhysteron rufulum uncovered a collabo-
rating hrPKS–nrPKS pair that, when expressed alone in S. cer-
evisiae, produced only trace levels of rare S-type BDLs with
a phenylacetate core.198 By systematically pairing this “cryptic”
hrPKS (RrDalS1) and nrPKS (RrDalS2) with non-cognate part-
ners from the four canonical BDL families, and combining
subunit swaps with targeted SAT and TE domain exchanges,
Wang and co-workers generated a panel of DAL and acyl di-
hydroxyphenylacetic acid ester (ADAE) scaffolds that extended
the S-type BDL chemical space by 20+ new congeners.198

Mechanistic analysis showed that the chain length of the hrPKS
product is strongly inuenced in trans by the off-loading
Nat. Prod. Rep.
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Fig. 14 Subunit-swapping strategies in iPKS assembly lines involving hrPKS–nrPKS pairs. (A) Heterologous recombination of matched subunits
from four homologous benzenediol lactone (BDL) synthase pairs—CcRadS1–CcRadS2, AzResS1–AzResS2, LtLasS1–LtLasS2, and AtCurS1–
AtCurS2—demonstrates that exchanging cognate S1 (hrPKS) and S2 (nrPKS) partners can reconstitute functional hybrids that preserve native
programming featureswhile altering the resulting lactone scaffolds. Adapted from ref. 143 and 198. (B) Cross-family subunit swaps between non-
homologous BDL nrPKSs (AzResS2, CcRadS2, AtCurS2) and the asperfuranone-pathway hrPKS AfoG reveal broader programmability: hybrid
hrPKS–nrPKS combinations generate chimeric scaffolds incorporating mixed biosynthetic synthons from both partners. Product backbones are
color-coded according to the hrPKS- and nrPKS-derived segments. Product structures are colored to indicate their subunit origin, and
numbered spheres denote the count of C2 extender units incorporated by each PKS component. Split-color boxesmark constructs in which SAT
domains were replaced by hrPKS-derived SAT modules to restore compatibility at the loading interface. Adapted from ref. 213 and 214.
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preferences of the downstream nrPKS SAT domain, which can
selectively intercept shorter or longer priming units, while the
TE domain of the nrPKS acts as a size- and shape-selective lter
that decides whether a given priming unit is released as
a macrocycle (DAL) or diverted into linear ester products
(ADAE).198 In this view, KS and PT dene the intrinsic chain and
ring logic of each subunit, whereas SAT and TE belong to an
“extrinsic” programming layer that emerges only when hrPKS
and nrPKS are combined. More recently, this subunit-centric
design has been extended to enhance the visibility of low-
abundance chimeras while exploiting intrinsic precursor
Nat. Prod. Rep.
promiscuity to generate additional “unnatural” congeners. In S.
cerevisiae, Li and co-workers co-expressed multiple BDL-type
hrPKS–nrPKS pairs together with non-cognate subunit combi-
nations, systematically probing which pairings could still
cooperate without disrupting their intrinsic programming, and
used mild plasmid copy-number tuning to balance the expres-
sion of the two subunits so that several previously barely
detectable non-cognate products could be isolated and struc-
turally characterized.44 More importantly, their work shows that
even without external precursor feeding, simply activating and
amplifying the endogenous precursor heterogeneity and cross-
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00092k


Review Natural Product Reports

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

3:
54

:4
9 

A
M

. 
 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
subunit transfer tolerance of hrPKS–nrPKS pairs allows subunit
shuffling to perturb the internal precursor pool and yield series
of subtly different, but potentially functionally divergent, BDL-
type “unnatural” natural products.44 Taken together, these
BDL-focused examples position subunit shuffling as a powerful
tool not only to revive cryptic iPKS pairs and generate struc-
turally diverse macrolactones, but also to deconvolute how
intrinsic chain-building rules (encoded by KS, KR and PT) are
modulated by extrinsic lters (SAT and TE) imposed by partner
subunits.

Although subunit shuffling within homologous BDL families
with cooperative iPKS pairs is a relatively straightforward way to
obtain structurally diverse macrolactones, there are far fewer
examples where non-homologous iPKS pairs from distinct
polyketide families are merged to create entirely new biosyn-
thetic logics.212 A representative case is the interface between
BDLs and azaphilones such as asperfuranone. Azaphilones
constitute a structurally diverse class of fungal polyketides with
prominent bioactivities, and the asperfuranone pathway in A.
nidulans uses a collaborating hrPKS AfoG and nrPKS AfoE to
build a benzaldehyde-type intermediate (pre-asperfuranone)
that underpins this family (Fig. 14B).195,213 By exploiting this
shared logic, Bai and co-workers used iPKS subunit shuffling to
merge the BDL and asperfuranone families: the asperfuranone
hrPKS AfoG was combined with several BDL nrPKSs, and
replacement of the recipient nrPKS SAT domains enabled
loading of the AfoG-derived benzaldehyde starter, yielding three
productive chimeras that produced four hybrid scaffolds
bearing both BDL macrolactone and azaphilone-like features
(Fig. 14B).214 In these hybrids, both partners largely retained
their intrinsic programming—AfoG still constructed the highly
reduced benzaldehyde starter unit, while the BDL nrPKSs
imposed their native PT/TE-controlled cyclization and release
patterns—so that subunit rearrangement effectively created
a composite program rather than scrambling each individual
step. This example encapsulates the design principles for non-
homologous subunit swapping: success depends on installing
a compatible SAT–ACP interface, ensuring that kinetic compe-
tition for the shared intermediate favors productive transfer,
and respecting the “hard-wired” chain-length and cyclization
preferences embedded in each synthase.198,214 Continued
dissection of how iPKS domains interact across subunit
boundaries and partition reactive intermediates will be crucial
to move from semi-empirical subunit shuffling toward rational
cross-family recombination, thereby accelerating the discovery
of new fungal polyketide scaffolds and guiding the engineering
of iPKSs to produce truly “non-natural” natural products.

3.2.3. Post-PKS diversication by promiscuous tailoring
enzymes. Beyond engineering the PKS assembly line itself by
subunit swapping and domain recombination, fungal poly-
ketide chemical space can be expanded along an orthogonal
axis by “bolt-on” tailoring enzyme modules (Fig. 10B). These
enzymes—most prominently CYPs, FMOs, multicopper
oxidases (laccases), sulfotransferases, O-methyltransferases
(OMT), and (methyl)glycosyltransferases—are typically co-
localized with PKSs in biosynthetic gene clusters and install
oxidative, charged, and sugar decorations on pre-assembled
This journal is © The Royal Society of Chemistry 2026
backbones.215,216 Many of them display a useful combination
of substrate promiscuity (tolerating diverse native and engi-
neered scaffolds) and position selectivity (controlling the exact
site and stereochemistry of modication), which makes them
ideal building blocks for combinatorial biosynthesis on both
native and non-native polyketide skeletons.217,218 In this section,
we focus on how such promiscuous tailoring enzymes have
been redeployed as modular catalysts for late-stage diversica-
tion, complementing the backbone engineering strategies di-
scussed above and enabling libraries of “non-natural” natural
products to be assembled in vivo.

A rst class of tailoring modules exploits oxidative phenol
coupling to convert monomeric polyketides into axis-chiral
dimers with dened regio- and atroposelectivity. In addition
to CYPs and FMOs that catalyze intramolecular and intermo-
lecular C–C bond formation on aromatic polyketides,219 fungal
multicopper oxidases (laccases) have emerged as surprisingly
selective catalysts for intermolecular coupling.220 Fürtges and
co-workers demonstrated that the heterologously expressed
laccase Av-VirL from A. viridinutans regioselectively converts the
non-natural substrate (R)-semivioxanthin into its 6,60-homo-
dimer, establishing that a single laccase can program phenol
coupling without auxiliary proteins and that closely related
homologues are embedded in multiple dimeric naphthopyrone
and perylenequinone BGCs (e.g. vioxanthin, xanthoepocin,
hypocrellin A).215 Subsequent mechanistic work on the vir-
iditoxin pathway showed that a dedicated dirigent-like protein
(VdtD) can further control the stereochemical outcome of
multicopper oxidase VdtB, biasing the ratio of atropisomeric
dimers and illustrating how auxiliary proteins can be layered
onto laccase cores to tune stereoselectivity.221,222 A comple-
mentary andmore stringent example of suchmodular control is
provided by sporandol biosynthesis in Chrysosporium merda-
rium.221 In this pathway, a nrPKS generates a monomeric
naphthopyrone backbone that is released by a trans-acting MbL-
TE and subsequently O-methylated to form torachrysone, which
then serves as the substrate for oxidative dimerization. Strik-
ingly, the laccase alone is catalytically inactive toward produc-
tive coupling; only the co-expression of a fasciclin domain-
containing (fas) accessory protein enables regio- and atropose-
lective phenol coupling to yield sporandol (Fig. 15).221 This
system highlights an important design principle for post-PKS
diversication: oxidative phenol coupling can be programmed
not only by the laccase core itself, but by modular auxiliary
proteins that gate enzyme–substrate recognition and enforce
productive dimerization geometries. Such accessory-controlled
laccase modules act as transferable “decision layers” oper-
ating on pre-assembled scaffolds, allowing identical monomers
to be routed toward distinct dimeric outcomes without modi-
fying the upstream PKS assembly line. This modularity is
particularly attractive for combinatorial biosynthesis, as it
enables late-stage diversication of both native and engineered
polyketide scaffolds while preserving the upstream assembly
line intact.

Orthogonal to such oxidative dimerization, negatively
charged modications offer a way to modulate solubility and
target engagement without altering the aromatic core.223 A
Nat. Prod. Rep.
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Fig. 15 Post-PKS diversification through modular oxidative tailoring in sporandol biosynthesis. A representative example illustrating how post-
PKS tailoring enzymes expand fungal polyketide chemical diversity without re-engineering the upstream assembly line. In the sporandol
pathway, a PKS-derived monomeric polyketide scaffold is first modified by O-methylation and subsequently subjected to oxidative phenol
coupling. Themulticopper oxidase (laccase) alone is insufficient to catalyze productive dimerization, whereas co-expressionwith a fas accessory
protein enables regio- and atroposelective dimer formation. This system exemplifies how tailoring enzyme modules, rather than PKS engi-
neering, can act as transferable post-assembly “decision layers” to program late-stage diversification of polyketide scaffolds. Red circles indicate
sites of chemical modification introduced by tailoring enzymes; red arrows and crossed symbols denote inactive coupling in the absence of
accessory proteins. Abbreviations: OMT, O-methyltransferase; L, laccase; fas, fasciclin domain-containing accessory protein. Adapted from ref.
221.
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prominent example is phenolic sulfation of BDLs, where
a fungal sulfotransferase is recruited as a broad-specicity
tailoring module. Guided by genome mining of F. graminea-
rum PH-1, Xie and co-workers identied FgSULT1 as a phenolic
sulfotransferase that forms a distinct fungal/bacterial-family
clade rather than clustering with canonical mammalian
enzymes.224 When FgSULT1 was co-expressed with a panel of
BDL and non-macrocyclic BDL homologues in S. cerevisiae, the
enzyme cleanly installed sulfate groups on multiple phenolic
substrates, yielding a library of non-natural BDL sulfates with
improved aqueous solubility and distinct bioactivity proles
relevant to human and veterinary drug discovery as well as crop
protection.224 Importantly, this work shows that a single
promiscuous sulfotransferase can be combined with different
native or engineered PKS pairs to generate sulfated analogues
without re-optimizing the core assembly line, provided that
cofactor 30-phosphoadenosine-50-phosphosulfate (PAPS) supply
and compartmentalization are appropriately managed.224,225 As
more fungal sulfotransferases and their associated PAPS-
regeneration systems are uncovered by BGC-centered genome
mining and functional screens, this type of charged “sulfation
cassette” is likely to become a generalizable module for
orthogonal late-stage diversication of complex polyketide
scaffolds in yeast and lamentous-fungal hosts.

Complementary to these charged decorations, neutral but
polarity-tuning modications such as O-methylation are
powerful for reshaping physicochemical and pharmacological
properties without dramatically altering scaffold topology.226

The BDL system nicely illustrates how OMTs can function as
programmable tailoring modules. In the lasiodiplodin/
Nat. Prod. Rep.
hypothemycin pathways, two orthologous OMTs (LtOMT and
HsOMT) install methoxy groups at distinct positions on the
same BDL core, yielding orthogonal regioisomers from
a common scaffold.210 Structure-guided engineering of their
active-site cavities revealed that a small set of amino acid
substitutions is sufficient to “swap” the preferred methylation
site, while retaining broad acceptance of BDL analogues
generated by PKS subunit shuffling.210 This work established
a generalizable design rule: OMT active sites are sufficiently
plastic that regioselectivity, rather than substrate scope, can be
rationally reprogrammed, enabling late-stage installation of
complementary methoxy patterns on families of native and non-
native polyketide backbones.210,227 Building on this concept,
Zhang and co-workers recently used BGC-centered genome
mining to systematically expand the accessible toolbox of fungal
methyltransferases, combining sequence similarity networks
and in vivo assays to identify new OMTs with distinct positional
preferences and donor usage.29 Their study highlights how
tailoring-enzyme families can be prospected at scale to populate
a modular “methylation palette” for combinatorial design,
rather than relying on one or two canonical OMTs.29,228

An even more dramatic increase in diversity is achieved
when sugar-based tailoring modules are layered onto polyketide
scaffolds. A key example is the glycosyltransferase–methyl-
transferase (GT–MT) pair from the entomopathogenic fungus
Beauveria bassiana, which denes a methylglucosylation func-
tional unit.229 Xie and co-workers identied a founding GT
family member that is not orthologous to previously charac-
terized fungal GTs and showed that this enzyme can glucosylate
a broad panel of drug-like substrates—including polyketides,
This journal is © The Royal Society of Chemistry 2026
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anthraquinones, avonoids and naphthalenes—to give both O-
and N-glucosides with remarkable regio- and stereospeci-
city.230 These glucosides are then faithfully processed by
a dedicated MT to provide 4-O-methylglucosides, effectively
bundling glucosylation and methylation into a single, portable
tailoring cassette.230 When co-expressed with native or non-
native BDL PKS pairs such as LtLasS1–LtLasS2 in yeast, this
GT–MT module decorates both natural and engineered BDL
scaffolds with 4-O-methylglucosides, producing a panel of “non-
natural” natural products that exhibit greatly enhanced
aqueous solubility and, for selected members, pronounced
antiproliferative or matrix-adhesion inhibitory activities.230

Recent work has extended this logic beyond single-pathway case
studies and toward tailoring-guided discovery and deployment.
Chen and co-workers developed a tailoring enzyme-guided
genome-mining and MS-based metabolomics workow that
uses specic GT motifs as beacons to prioritize fungal BGCs
likely to encode glucosylated natural products.180 By heterolo-
gously expressing selected GTs and their cognate PKSs, they
uncovered multiple previously unknown glucosides that would
have been difficult to predict from core PKS architecture
alone.180 This study underscores a central theme of this section:
tailoring enzymes not only diversify known scaffolds but also
direct us to new polyketide families when used as genomic
markers. In parallel, B. bassiana has been repeatedly exploited
as a whole-cell biocatalyst to convert exogenous aromatic scaf-
folds into methylglucosides; for instance, Peng and co-workers
used B. bassiana to transform resveratrol and piceatannol into
a set of stilbene methylglucosides, one of which displayed
promising GPR119 agonism and insulin-secretion activity rele-
vant to type 2 diabetes therapy.231 These transformations
emphasize how promiscuous fungal GT–MT machineries can
be applied directly to non-native, xenobiotic-like scaffolds to
generate medicinally relevant analogues without rebuilding the
upstream PKS.

Beyond these pathway-embedded modules, stand-alone
fungal OGTs with broad aglycone and donor spectra further
expand the combinatorial space. A recent Mycology study
characterized MrOGT2 from Metarhizium robertsii that accepts
at least four UDP-sugar donors and 17 structurally diverse
acceptors, including multiple avonols and aromatic
polyketide-like compounds.232 MrOGT2 thus exemplies
a “plug-and-play” GT that can be wired into engineered PKS
pathways or used in whole-cell biotransformation to append
different sugar moieties—including non-native donors—onto
a given backbone.232 Combined with chassis-level strategies
such as deleting endogenous glycosidases to prevent product
hydrolysis and boosting UDP-sugar biosynthesis in S. cer-
evisiae,233 these advances point toward glycodiversication
platforms where PKS-derived aglycones and sugar-tailoring
modules can be mixed and matched in a semi-orthogonal
fashion. Taken together, these studies illustrate how promis-
cuous tailoring enzymes—OMTs with reprogrammable regio-
selectivity, sulfotransferases, and (methyl)glucosylation
cassettes—transform backbone-engineered fungal polyketides
into rich libraries of non-native analogues with tunable polarity,
charge, and three-dimensional topology. Rather than repeatedly
This journal is © The Royal Society of Chemistry 2026
redesigning the PKS itself, combinatorial biosynthesis increas-
ingly relies on assembling small sets of well-characterized
tailoring modules on both native and hybrid scaffolds, guided
by genome mining, structural modelling, and high-throughput
metabolomics.
3.3. Enzyme engineering

Beyond swapping or recombining whole domains, a comple-
mentary and oen more tractable strategy is to engineer the
catalytic “gatekeepers” within iterative PKSs themselves. In
these systems, the shape and electrostatics of active-site pockets
in product template (PT), enoyl reductase (ER), and other
reductive domains dictate cyclization topology, chain length,
and reduction pattern, thereby hard-wiring the accessible
chemical space.24,106 Structure-guided point mutations at
a small number of residues can therefore retune these intrinsic
programming rules while preserving the native protein–protein
interfaces and dynamic choreography of the megasynthase—an
advantage over wholesale domain or subunit swapping, where
mis-matched linkers or docking surfaces frequently cause
aggregation or loss of activity (Fig. 10C).96,198 PT domains of
fungal nrPKSs provide a clear example of how subtle sequence
changes redirect rst-ring cyclization. RALs and BDLs such as
monocillin II and 10,11-dehydrocurvularin are assembled by
hrPKS–nrPKS pairs, where the nrPKS PT domain channels
a highly reactive poly-b-keto chain into either C2–C7 or C8–C3 F-
mode aldol cyclization, giving rise to distinct aromatic frame-
works.204 Homology modelling based on the aatoxin PT
structure, combined with large-scale sequence analysis of >600
fungal PT domains, revealed that a small set of cavity-lining
residues shapes the cyclization chamber and correlates with
the observed ring-closure modes across PT clades.96,98Guided by
these models, Xu and co-workers introduced three mutations
(F1455Y, Y1576F, W1584L) into a BDL-type PT domain and
successfully redirected its regioselectivity from a native C8–C3
to a C2–C7 cyclization pattern, yielding the non-natural RAL
YXTZ-3-16-2 from the same upstream hrPKS product (Fig. 16).204

Intriguingly, the reverse mutational path did not convert a C2–
C7 PT into a robust C8–C3 catalyst, highlighting that PT
programming is not simply encoded by a few “toggle residues”
but emerges from more global conformational and trajectory
constraints in the cyclization chamber.41,98,204 This asymmetric
mutational landscape is an important lesson for combinatorial
design: PT domains can be pushed into new regions of chemical
space, but achieving fully reversible switching between distinct
ring-closure logics remains challenging. Taken together, the
backbone diversication of combinatorial libraries is achieved
not only by swapping modules, but by rationally editing the
intrinsic selectivity of individual domains.

Recent work has reinforced the idea that modest sequence
changes in hrPKSs can rewire more global features such as
chain length. Using the tenellin highly reducing PKS as amodel,
Schmidt and Cox combined sequence analysis, alanine scan-
ning, and multi-site mutagenesis to identify four residues that
inuence when the iterative cycle terminates.32 Introducing
these mutations led to minor, but reproducible, production of
Nat. Prod. Rep.
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Fig. 16 PT domain engineering redirects aromatic ring cyclization in synergistic hrPKS–nrPKS systems. In the native BDL pathway, the PT domain
of nrPKS AtCurS2 promotes a C8–C3 first-ring cyclization, converting the hrPKS-derived intermediate into 10,11-dehydrocurvularin. In vivo
mutational analysis revealed that introducing the substitutions F1455Y, Y1576F, and W1584L within the PT domain (PT*) remodels the active-site
geometry, switching the cyclization trajectory to a C2–C7 mode and yielding the non-natural product YXTZ-3-16-2. The blue structures
represent the hrPKS-generated polyketide chains (with bold bonds indicating the number of extender units incorporated), whereas the black
structures denote the nrPKS-extended backbones (bold bonds marking additional elongation steps). Blue and purple boxed regions highlight the
distinct aromatic ring-forming positions specified by PT* and the wild-type PT domain, respectively. Adapted from ref. 204.
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hexaketide products in addition to the native pentaketides,
thereby directly linking a small set of amino acids to chain-
length selection.32 Although the shi was incomplete, this
study provides rare, quantitative evidence that hrPKS chain-
length programming can be tuned by minimal sequence
edits, complementing earlier bioinformatic analyses that had
inferred such relationships from natural diversity alone.24,32

ER domains in hrPKSs represent another crucial gatekeeper
layer, controlling which b-keto intermediates are reduced and
thus shaping both oxidation state patterns and the timing of
chain termination.234 The ER from the squalestatin tetraketide
synthase (SQTKS) was the rst cis-acting ER domain to be iso-
lated and biochemically characterized in vitro, where it forms
a discrete dimer and shows broad activity toward a panel of di-
and triketide enoyl substrates but fails to reduce a tetraketide
intermediate, which instead acts as a competitive inhibitor.57

Docking of natural and non-natural substrate mimics into
homology models of the SQTKS ER active site, followed by tar-
geted mutagenesis, pinpointed Phe1941 and Phe2157 as steric
gatekeepers that restrict both chain length and methylation
pattern.64 In particular, the F1941A mutation converted the
tetraketide from an inhibitor into a true substrate, while F2157A
enlarged the pocket sufficiently to accommodate longer and
more heavily methylated intermediates.64,235 These engineered
ER variants displayed signicantly altered programming in
vitro, reducing substrates that are completely excluded by the
Nat. Prod. Rep.
wild-type enzyme, and thereby demonstrating that a handful of
point mutations can relax strict gatekeeping without compro-
mising overall catalytic competence. Taken together, the back-
bone diversication of combinatorial libraries is achieved not
only by swapping modules, but by rationally editing the
intrinsic selectivity of individual domains.

In parallel with editing core PT and ER domains, accessory
and tailoring enzymes that act “downstream” or in trans to
iterative PKSs can also be engineered into powerful, broadly
reusable modules. A classic paradigm is provided by trans-
acting AT LovD decorates the hrPKS product of LovF with an a-
methylbutyryl side chain in lovastatin biosynthesis. In its native
context, LovD is strongly dependent on direct interaction with
the LovF ACP and efficiently accepts only the natural ACP-
bound thioester.130,236 Through multiple rounds of laboratory
evolution, Jiménez-Osés and co-workers converted LovD into
variants with dramatically improved catalytic efficiency, solu-
bility, and stability for simvastatin semisynthesis, culminating
in the industrial biocatalyst LovD9, which carries 29 amino-acid
substitutions and exhibits ∼103-fold higher activity on the non-
native acyl donor a-dimethylbutyryl-S-methyl-
mercaptopropionate (DMB–SMMP) while becoming essentially
independent of the LovF–ACP partner.237,238 Subsequent struc-
tural and microsecond-scale molecular dynamics (MD) simu-
lations showed that these distant mutations reshape the active-
site dynamics and narrow the substrate channel in a way that
This journal is © The Royal Society of Chemistry 2026
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favors binding and turnover of the free thioester, rather than
the native ACP-bound intermediate (Fig. 10C).237 Conceptually,
LovD evolution demonstrates how a PKS-associated AT—func-
tionally very similar to many fungal tailoring enzymes that rely
on ACP-bound intermediates—can be reprogrammed into
a stand-alone biocatalyst that accepts non-native donors,
thereby decoupling tailoring from tight protein–protein recog-
nition and enabling late-stage diversication of polyketide
scaffolds.

This logic is increasingly being extended to genuine tailoring
enzymes that install oxygenation or glycosidic decorations on
polyketide scaffolds. Fungal and bacterial CYPmonooxygenases
have been engineered to alter regio- and chemoselectivity for
C–H activation, allowing access to new hydroxylated analogues
that would be difficult to obtain by chemistry alone. For
example, Renata and co-workers have introduced catalytically
self-sufficient P450 fusions with tuned redox-partner linkers,
enabling efficient, site-selective oxidations in vitro and in whole
cells, while maintaining or even enhancing catalytic turnover on
complex natural-product-like substrates.239 More recently, Yong
et al. used structure-guided mutagenesis to reprogramme the
fungal-like P450revI, shiing its preferred C–H activation site
and generating a novel hydroxylated polyketide derivative with
improved bioactivity, thereby showcasing how semi-rational
engineering can redirect late-stage oxidation patterns without
sacricing overall scaffold recognition.240 In parallel, GTs are
being re-designed to broaden or retune their donor and
acceptor repertoires, oen starting from promiscuous enzymes
identied by genome mining. Lu and co-workers, for example,
mined and comprehensively engineered the plant UGT75AJ2,
using mutagenesis and structural analysis to generate variants
capable of glycosylating multiple phenolic and heterocyclic
scaffolds with distinct UDP-sugar donors;241 such workows are
directly translatable to fungal GTs that act on polyketide agly-
cones, and complement fungal methylglucosylation modules
discussed in the previous section. Collectively, these studies
support a general design principle: tailoring enzymes, like
LovD, can be “lied” from their native assembly lines and
reshaped into modular catalysts whose substrate and position
selectivity are tuned to serve as plug-and-play tools for poly-
ketide diversication.

Beyond individual case studies, recent advances in high-
throughput screening and machine learning (ML) are begin-
ning to systematize tailoring-enzyme engineering in a way that
is highly compatible with fungal combinatorial biosynthesis.
Biosensor-guided evolution has emerged as a particularly
powerful strategy: d'Oelsnitz and co-workers developed a tran-
scription-factor-based biosensor for a key intermediate and
used it, together with ML-assisted library design, to evolve
pathway enzymes and increase branch ux.242,243 More broadly,
researchers have highlighted how ML-guided sequence design,
together with droplet- and cell-based ultrahigh-throughput
screening, can accelerate both discovery and optimization of
biocatalysts across diverse enzyme families, including oxy-
genases and GTs relevant to natural-product tailoring.244,245

Although these technology stacks have so far been applied
mainly to plant and bacterial enzymes, they provide a clear
This journal is © The Royal Society of Chemistry 2026
blueprint for how fungal tailoring enzymes—P450s, FMOs, GTs,
MTs—could be engineered in chassis such as S. cerevisiae to
favor desired modications on native and non-natural poly-
ketide backbones.

At the same time, the practical scope of enzyme engineering
is being reshaped by genome-editing and structure-prediction
tools that make it possible to generate targeted PKS and
tailoring-enzyme libraries in situ rather than relying solely on
heterologous refactoring. CRISPR/Cas systems are now
routinely established in non-model lamentous fungi that
natively produce complex polyketides. In Edenia gomezpompae,
Zhai and co-workers recently developed a CRISPR/Cas9 plat-
form using the endogenous U6 promoter and showed that
deletion of a single iPKS gene (Egpks) abolishes production of
the spiroketal naphthoquinones preussomerins, thereby vali-
dating cluster boundaries and assigning function to the core
enzyme.246 Although this rst study focused on knockout, the
same toolkit is directly applicable to site-specicmutagenesis of
active-site and gatekeeper residues in EgPKS and its associated
tailoring enzymes to generate panels of non-native pre-
ussomerin analogues.246 In A. niger, Yuan and co-workers
compared Cas9- and Cas12a-based systems at the albA PKS
locus and demonstrated efficient, programmable editing of the
polyketide backbone gene with distinct indel proles,247

providing a practical route to multiplexed mutagenesis of
catalytic residues or whole domains in native producers.
Together with earlier CRISPR/Cas9 systems established in
Fusarium and A. terreus for PKS genes such as fum1 (fumonisins)
and lovastatin-pathway components,248–250 these studies make it
increasingly realistic to move from “one-off” deletions toward
saturation mutagenesis of key domains, combinatorial editing
of tailoring-gene sets, and ultimately in-fungus evolution of
enzyme variants that furnish non-natural polyketide chemo-
types. Complementing these genetic tools, deep-learning-based
structure prediction and coevolution analysis are beginning to
bring rationality to a space where combinatorial swapping has
historically suffered from very low success rates. In a landmark
study on modular PKSs, Englund and co-workers used Alpha-
Fold2 models of the KS–AT linker region to interpret why most
AT-domain exchanges disrupt structure, then built a uores-
cence-based solubility biosensor to screen hundreds of AT-
swapped hybrids and identify a narrow set of domain bound-
aries that maintain polyketide production.189 Nava et al.
reviewed AlphaFold2-guided module boundary selection with
systematic recombination of stambomycin-like modules,
generating de novo macrolactone products and establishing
a “module-based” engineering strategy that respects the natural
architecture of the assembly line.176 Even more strikingly,
Mabesoone and co-workers analyzed amino-acid coevolution
patterns in trans-AT PKSs to pinpoint a single, evolutionarily
privileged recombination site; inserting or deleting modules at
this position yielded 22 engineered assembly lines across
multiple pathways with a markedly higher fraction of fully
functional hybrids that still produced complex non-natural
polyketides.33 These studies collectively highlight general prin-
ciples—respecting evolutionarily conserved cut sites, preserving
docking-face complementarity, and using AlphaFold2/co-
Nat. Prod. Rep.
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evolution maps to avoid disruptive linkers—that are directly
applicable to iterative fungal PKSs and their associated tailoring
enzymes. In this sense, enzyme engineering—supported by
these new tools—provides a realistic and increasingly high-
success-rate route to expand non-natural polyketide diversity.
4. Engineering fungal and yeast cell
factories

Having outlined how iPKSs and their tailoring enzymes can be
rationally rewired at the enzyme level to generate new scaffolds,
we now turn to the cellular context in which these machineries
operate. Early studies on fungal polyketide biosynthesis largely
relied on native producers and classical fermentation,
combined with gene-by-gene reconstruction of pathways and
analysis of accumulated intermediates.230 With the advent of
genome sequencing, comparative genomics, and synthetic
biology, hundreds of putative polyketide BGCs can now be
rapidly predicted and transplanted into tractable fungal hosts
such as Aspergillus and Saccharomyces for systematic interro-
gation (Fig. 17).251 However, many of these pathways remain
transcriptionally silent or very weakly expressed, leading to low
Fig. 17 Workflow for developing microbial cell factories to activate, rec
polyketide production. Advances in fungal genome sequencing enable
followed by activation of silent or weakly expressed clusters either in the
then refactored and optimized through promoter engineering, modular
enzymatic steps. Subsequent rounds of genome-scale engineering, stra
suitable for shake-flask evaluation and pilot-scale fermentation, accele
products.

Nat. Prod. Rep.
titers that hinder both scalable production and the detection of
minor shunt products that oen encode new chemotypes.

In this section, we organize fungal and yeast cell-factory
engineering along a progressive design logic: rst, activating
and refactoring silent BGCs in their native chromosomal
context; second, deploying genetically tractable chassis to
decouple pathways from native regulation and enable modular
recombination; third, rewiring central metabolism to support
acetyl- and malonyl-CoA-intensive biosynthesis; and nally,
leveraging compartmentalization and spatial organization to
coordinate precursor supply, trafficking and self-protection
(Fig. 17), across non-reducing, partially reducing and highly
reducing iterative PKS systems and their hybrid assemblies.
Together, these layers dene a cellular framework in which
fungal polyketide biosynthesis can move beyond opportunistic
discovery toward programmable and scalable platform
engineering.
4.1. Activating silent BGCs in native fungi

A rst layer of strain engineering targets transcriptionally silent
or weakly expressed BGCs directly in their native hosts, using
pathway-specic transcription factors (PSTFs), promoter engi-
neering, CRISPR-based transcriptional activation, and
onstruct, and optimize biosynthetic gene clusters (BGCs) for efficient
systematic identification of BGC candidates from native producers,
original host or in a heterologous chassis. Reconstituted pathways are
reconstruction, and pathway balancing to enhance flux through key

in refinement, and AI-assisted design yield improved production hosts
rating the discovery and scalable manufacture of polyketide natural

This journal is © The Royal Society of Chemistry 2026
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epigenetic modulation to convert cryptic loci into productive
pathways (Fig. 17).252 Many polyketide clusters reside in
heterochromatic regions or carry promoters that are barely
active under laboratory conditions, such that the encoded iPKSs
and tailoring enzymes remain silent even though the genetic
capacity is present.253 In A. nidulans, systematic promoter
replacement of nrPKS genes and key tailoring genes with strong
inducible promoters enabled product assignment for eight
nrPKSs, including seven previously unknown aromatic poly-
ketides and the identication of the nrPKS genes responsible
for alternariol and cichorine biosynthesis, illustrating how in
masse promoter engineering in the native genome can rapidly
unlock the endogenous polyketide repertoire.254

PSTFs provide a complementary handle to turn up individual
polyketide pathways without disturbing surrounding loci. In A.
nidulans, overexpression of PSTFs has repeatedly been shown to
induce otherwise cryptic clusters: for example, regulatory cross-
talk between a NRPS cluster and a silent polyketide cluster
activated the asperfuranone pathway, with the upstream TF
scpR driving expression of the asperfuranone activator afoA and
thereby switching on the entire cluster in its native chromo-
somal context.255 Complementing cluster-local PSTFs, Seo and
co-workers recently constructed a gene regulatory network
resource for A. fumigatus that predicts trans-acting regulators of
multiple BGCs; targeted deletion or overexpression of TFs such
as rogA, hsfA, skn7 and rofA led to pronounced changes in the
production of gliotoxin, helvolic acid and fumitremorgin,
showing how systems-level TF maps can guide rational activa-
tion or attenuation of native polyketide and alkaloid path-
ways.256 Together with large-scale analyses of PSTFs across
Aspergillus genomes, these studies establish PSTF over-
expression, rational TF selection and targeted promoter
substitution as general strategies to “de-repress” native iPKSs
and map their associated tailoring networks.257

More recently, CRISPR-mediated transcriptional activation
(CRISPRa) has extended this logic to programmable activation of
silent clusters in situ.258 In A. nidulans, a dLbCas12a-VPR system
was used to target the promoter of the native NRPS-like gene
micA, resulting in strong up-regulation of the mic cluster and
markedly increased production of the polyketide-like metabolite
microperfuranone and its oxidized analogue
dehydromicroperfuranone.259 A related dCas9-VPR CRISPRa tool
in P. rubens targeted the promoter of the cluster-resident TFmacR
and successfully activated the transcriptionally silent native
macrophorin BGC, yielding antimicrobial macrophorins directly
from the industrial penicillin producer background.260 These
examples show that CRISPRa can be applied in diverse lamen-
tous fungi to enhance expression of native polyketide clusters
without integrating extra copies or relocating the pathway.

In parallel, epigenetic reprogramming has emerged as
a complementary approach to awakenmultiple clusters at once.261

Deletion or inhibition of histone-modifying enzymes can relax
chromatin around otherwise silent BGCs and uncover new poly-
ketides.253 In the endophytic fungus C. olivaceum, deletion of
a class I histone deacetylase (HDAC) led to the activation of several
secondary metabolite gene clusters and the discovery of new
aromatic polyketide-derived compounds that were undetectable
This journal is © The Royal Society of Chemistry 2026
in the wild-type strain.262 More broadly, systematic treatment of
native fungi with small-molecule epigenetic modiers has been
shown to trigger expression of otherwise silent nrPKS clusters and
yield structurally diverse polyketides, underscoring chromatin
engineering as a powerful, cluster-agnostic lever for expanding
chemical space directly in native producers.253,263
4.2. Aspergillus as a chassis for fungal polyketides

Beyond editing native producers, Aspergillus species—most
prominently A. nidulans and A. niger—have emerged as
programmable chassis for fungal BGCs. Their fast growth, well-
developed genetics, and relatively well-annotated secondary
metabolomes make them ideal “workhorse” hosts to refactor
polyketide clusters from diverse fungi, decouple them from
native regulation, and systematically map both core iPKS
products and downstream tailoring logic.264 Rather than serving
only as titer-boosting hosts, these Aspergillus platforms
increasingly function as discovery engines that generate series
of analogues suitable for combinatorial biosynthesis and
designer-structure exploration.265,266

In A. nidulans, several complementary chassis tools now
coexist. A key development is the use of genetic dereplication
strains, in which major endogenous BGCs are deleted to
simplify the metabolite background.267,268 Lin and co-workers
combined such a dereplication strain with a modular cloning
and expression workow to refactor the cryptic spy BGC from
the human pathogen A. fumigatus; expression of the six-gene
cluster in A. nidulans revealed the sartorypyrone pathway and
delivered twelve products, seven of which were previously
unknown, including a triacetic acid lactone – producing PKS
that doubles as a biorenewable platform catalyst.269 In parallel,
the fungal articial chromosome-mass spectrometry (FAC-MS)
platform enables high-throughput capture of intact BGCs
from genomic DNA into self-replicating A. nidulans – compat-
ible chromosomes; expression of 56 A. terreus clusters in A.
nidulans uncovered 15 new metabolites, including polyketide–
NRPS hybrids, underscoring how a single Aspergillus chassis can
be used to systematically mine the secondary metabolome of
another fungus.270,271

Building on these chromosome-based systems, episomal
AMA1-based pYFAC vectors provide a more exible route to
cluster expression and recombination.272 Roux and Chooi
described multi-marker AMA1 plasmids for episomal BGC
expression in A. nidulans, which support high transformation
efficiency, elevated compound titers, and convenient shuffling
of pathway combinations to probe intermediate formation and
tailoring steps.273 Next-generation AMA1 plasmids further
improve copy number control and stability and have been
adapted not only for pathway assembly but also for CRISPR/Cas
delivery in lamentous fungi, making A. nidulans a versatile
chassis for iPKSs and accessory enzymes alike.274 These tools
collectively shi A. nidulans from “one cluster per study” to
a modular, recombinable platform on which multiple poly-
ketide pathways, domain- or tailoring-enzyme variants, and
hybrid clusters can be tested in parallel—directly serving the
goal of programmable polyketide diversication.
Nat. Prod. Rep.
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The same chassis has also proven effective for expressing
BGCs from phylogenetically distant fungi and exploiting host-
pathway cross-chemistry. Yu and co-workers activated the silent
nrPKS SlPKS4 from the marine-derived fungus Simplicillium
lamellicolaHDN13-430 by cloning a 9.5 kb genomic fragment into
A. nidulans A1145; the heterologous host produced the C7-methyl
isocoumarin similanpyrone B together with pestapyrone A, an
oxidized derivative formed by endogenous A. nidulans
enzymes.275 This example illustrates two important aspects of the
Aspergillus chassis: rst, it can faithfully support non-native iPKSs
from ecologically and taxonomically distant donors; second, its
native tailoring network can further “decorate” the imported
scaffold, spontaneously generating non-natural analogues that
enrich the accessible chemical space for subsequent design.
Similar logic has been applied to other BGCs—for instance,
expression of the bue PKS cluster from A. burnettii in A. nidulans,
coupled with transcription-factor overexpression, yielded
improved access to the target metabolite and pathway interme-
diates for structure–activity studies.276

Aspergillus chassis engineering is not restricted to A. nidulans.
In A. niger, ATNT and related systems combine strong heterolo-
gous promoters and regulatory elements from the A. terreus ter-
rein cluster to enable high-level expression of polycistronic
secondary metabolites gene clusters.277 Kirchgaessner and co-
workers recently introduced a TetON-based expression system
in A. niger that can stably express very long PKS and NRPS genes
and BGCs from both Basidiomycota and early-diverging fungi,
providing an inducible platform for complex megasynthases that
are difficult to handle in yeast or bacteria.278 These developments
effectively position A. niger as a complementary chassis where
long, intron-rich PKSs and their accessory genes can be expressed
under precise temporal control, enabling time-resolved analysis
of product formation and shunt pathways.

Finally, recent systematic TF-overexpression efforts in A. nidu-
lans further blur the line between native and heterologous use of
this chassis. Guo et al. constructed a panel of 51 strains in which
secondary-metabolism-associated TFs—cluster-resident regula-
tors, global secondary metabolite TFs, and candidates inferred
from large-scale transcriptomics—were individually placed under
the strong xylose-inducible xylP promoter at the neutral yA locus.279

Induction triggered distinct metabolite proles and unveiled
multiple bioactive compounds, including benzaldehyde derivatives
and polyketide–alkaloid hybrids with selective anticancer or anti-
microbial activity.279 Taken together, these Aspergillus platforms—
chromosomal and episomal expression in dereplicated A. nidulans
strains, cross-chemistry with imported PKSs, and inducible long-
gene expression in A. niger—provide a fungal chassis toolkit.
They allow not only higher titers but, more importantly, systematic
exploration of new scaffolds, tailoring patterns, and hybrid path-
ways, turning fungal polyketide biosynthesis into a practical plat-
form for building and testing designer natural products.
4.3. Yeast and non-conventional yeasts as programmable
platforms

Compared to lamentous fungi, yeasts offer a more standard-
ized genetic and fermentation toolkit, making them attractive
Nat. Prod. Rep.
plug-and-play chassis for fungal BGCs.280 In the context of
designer polyketides, the key question is not simply whether
a yeast host can produce a given metabolite at high titer, but
whether it can be systematically programmed to read diverse
PKS pathways, tolerate their products, and support combina-
torial pathway design (Fig. 17).

In S. cerevisiae, this idea is embodied by the HEx (Heterolo-
gous EXpression) platform, which couples curated genome
mining with a unied expression architecture and engineered
host strains.281 By repairing mitochondrial defects in a labora-
tory strain and implementing a family of adh2-like, glucose-
repressed promoters, Harvey and co-workers built a panel of
S. cerevisiae strains expressing 41 cryptic fungal BGCs and
detected new metabolites from 22 of them, including multiple
polyketide and meroterpenoid scaffolds that had not been
observed in the native producers.281 Conceptually, HEx treats S.
cerevisiae as a BGC screening and diversication engine: clus-
ters from taxonomically distant fungi are standardized into
yeast-friendly parts, expressed under a common regulatory
regime, and then systematically surveyed for their intrinsic
capacity to generate novel scaffolds and tailoring patterns.

Beyond “on/off” expression of whole clusters, more recent
work has tuned S. cerevisiae as a chassis for unnatural and
analog-generating polyketide pathways. For example, Li et al.
used plasmid copy number engineering to separately vary the
dosage of two collaborating PKSs (hrPKS and nrPKS), thereby
accelerating the identication of expression regimes that
favored non-native extender units and shunt products.44 This
strategy effectively turns copy number and promoter strength
into quantitative knobs for redistributing ux across PKS
subunits and tailoring steps, resulting in non-natural poly-
ketide variants that would be difficult to access by domain
swapping alone.44 Similar logic underlies modular reconstruc-
tions of fungal bikaverin and bostrycoidin pathways in yeast,
where enzyme fusions and stepwise assembly are used not only
to boost titers but also to reveal alternative tailoring sequences
and identify branch points that can be repurposed for analogue
generation.282,283 Together, these works position S. cerevisiae less
as a generic workhorse and more as a programmable reader of
fungal BGC logic, in which pathway balancing and modular
constructs are deliberately used to expose new scaffold space.

Complementing S. cerevisiae, Komagataella phaffii (syn.
Pichia pastoris) brings a different design space: strong, tightly
inducible promoters (e.g. AOX1), efficient secretion, and a m-
ethylotrophic metabolism that is orthogonal to most polyketide
pathways.284 Kong et al. reconstructed the terreic acid pathway
in K. phaffii by stepwise introduction of biosynthetic genes,
using heterologous expression to deconvolute individual
monooxygenation and cyclization steps and to identify inter-
mediates that could serve as branching points for analogue
formation.83 More broadly, Qian and co-workers outlined
a general workow in which K. phaffii is used as a chassis to
functionally annotate fungal BGCs, leveraging its scalable
fermentation and simple background metabolome to support
comparative analysis of multiple PKS variants and tailoring
modules within the same host.285 These case studies are sup-
ported by a rapidly expanding synthetic-biology toolbox in K.
This journal is © The Royal Society of Chemistry 2026
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phaffii—including multi-locus CRISPR–Cas9 integration,
piggyBac-based mutagenesis and genome-scale metabolic
models—which collectively position this yeast as a promising
chassis for future combinatorial expression of fungal PKSs,
systematic testing of tailoring networks, and ultimately diver-
sication of designer polyketide scaffolds.286,287

A recent and conceptually important advance has been the
introduction of black yeasts as broad-spectrum heterologous
hosts for fungal polyketides. In a 2025 study, Cruz-Morales and
co-workers established Exophiala viscosa and Knua petricola as
tractable chassis, assembling a panel of fungal PKSs including
6MSAS, YWA1 and bikaverin synthases, and several benzenediol
lactone-type systems.288 Despite their evolutionary distance
from conventional yeasts, these black yeasts supported correct
folding and activation of multiple large iPKSs and produced
structurally diverse polyketides, oen with fewer endogenous
side products than S. cerevisiae.289 Importantly, the authors
emphasized that Exophiala and Knua combine yeast-like
genetic tractability with a richer native secondary metabolism
and extremotolerance, traits that should facilitate future efforts
to mix heterologous PKSs with endogenous tailoring networks
and explore non-natural scaffolds under stress or unusual
growth conditions.288 This work points toward a “portfolio
chassis” view, where different yeasts are chosen not only for
their engineering tools but for how their intrinsic biology
shapes accessible polyketide diversity.

The oleaginous yeast Y. lipolytica offers yet another angle by
naturally supporting high acetyl-/malonyl-CoA ux and toler-
ating hydrophobic metabolites.290 In a recent demonstration,
Bejenari et al. simultaneously integrated the type I PKS genes for
6-MSA and the aza-anthraquinone pigment bostrycoidin,
together with a cognate phosphopantetheinyl transferase
(PPTase), using CRISPR–Cas9-mediated, markerless genome
editing in Y. lipolytica.80 The resulting strains produced up to
403 mg per L 6-MSA and 35 mg per L bostrycoidin, the latter
>10-fold higher than in an analogous S. cerevisiae system, and
established Y. lipolytica as a dual-PKS chassis for complex
fungal polyketides.80 While these studies focused primarily on
titer, its combination of multiple PKSs and an activating PPTase
in a single oleaginous host suggests clear routes toward library-
style expression of PKS variants and tailored co-expression of
decorating enzymes.80,291 Together with broader advances in Y.
lipolytica synthetic biology—expanded promoter sets, efficient
CRISPR toolkits, and organelle-targeted engineering—this work
underlines the potential of oleaginous yeasts as platforms
where ux, compartmentalization, and PKS diversity can be co-
optimized.292 Collectively, these yeast and non-conventional
yeast chassis illustrate a shi from “one host, one product”
toward programmable, multi-host platforms for fungal poly-
ketide diversication.
4.4. Metabolic rewiring for malonyl-CoA and acetyl-CoA
supply

For iterative fungal PKSs—including non-reducing, partially
reducing and highly reducing systems—the availability and
partitioning of malonyl-CoA and acetyl-CoA not only limit titers
This journal is © The Royal Society of Chemistry 2026
but also constrain which non-native extender units and starter
acyl-CoAs can realistically be explored (Fig. 18).188 Early work in
fungal and yeast platforms therefore relied on relatively coarse
interventions, such as overexpressing acetyl-CoA carboxylase
encoding gene (ACC1), relieving Snf1-mediated phosphoryla-
tion of Acc1, or attenuating competing fatty-acid synthesis,
which enabled the rst heterologous production of fungal-type
polyketides (such as 6-MSA and bikaverin) in S. cerevisiae and
related hosts.135,291,293,294 While these strategies demonstrated
that malonyl-CoA supply could be strengthened sufficiently to
support heterologous PKSs, they oen came at the cost of
growth defects, lipid imbalance and poor control over carbon
ux, making them sub-optimal for systematically exploring
non-natural polyketide space (Fig. 16).295,296

To move beyond static overexpression, genetically encoded
malonyl-CoA sensors have emerged as a central tool to couple
ux rewiring with high-throughput screening. A widely used
design is the aviolin colorimetric reporter based on bacterial
type III PKS RppA, whose aviolin output correlates with
intracellular malonyl-CoA and has been repeatedly deployed to
identify pathway bottlenecks and benecial mutations in
malonyl-CoA-derived pathways, including polyketides.297 In
parallel, fungal-focused studies are also beginning to exploit
biosensor-specic acyl-CoA pools, exemplied by direct utili-
zation of aviolin for the characterization of peroxisomal acetyl-
CoA in S. cerevisiae.298 Complementarily, Li and co-workers re-
engineered the bacterial transcription factor FapR and its
operator fapO into S. cerevisiae to build amalonyl-CoA biosensor
that converts intracellular malonyl levels into uorescence,
enabling genome-wide overexpression screening and uncover-
ing new targets that raise malonyl-CoA and downstream 3-
hydroxypropionic acid titers.299,300 Subsequent work has ported
and optimized similar sensor architectures in oleaginous yeasts
such as Y. lipolytica, where malonyl-responsive circuits have
been used to enrich high-ux mutants for malonyl-derived
products and to guide rational pathway balancing.301 Recent
work has further rened malonyl-CoA sensors in reconstituted
and in vivo systems to detect acetyl-CoA carboxylase activity with
high sensitivity.302 Although most of these sensor systems were
initially developed for commodity chemicals rather than fungal
polyketides, the same designs can in principle be wired to iPKS
or tailoring-enzyme outputs (for example via colorimetric
reporters or growth-coupled selection), providing a route to
screen large combinatorial PKS/tailoring libraries under
malonyl-CoA limitation.

More recently, several studies have shied from “pushing”
the native acetyl-CoA carboxylase route towards designing
orthogonal or articial malonyl-CoA pathways that decouple
malonyl supply from central carbon metabolism. Li and co-
workers established a non-carboxylative malonyl-CoA (NCM)
pathway that bypasses acetyl-CoA altogether and instead
converts 3-oxopropanoate into malonyl-CoA, thereby avoiding
ATP-costly carboxylation, carbon loss and tight native regula-
tion.303 Introducing this pathway dramatically increased
production of malonyl-derived families, including phenolic,
quinone, alkene, aminoglycoside and macrolide polyketides,
underscoring how orthogonal malonyl-CoA circuits can unlock
Nat. Prod. Rep.
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Fig. 18 Compartmentalized acetyl-CoA and malonyl-CoA metabolism in heterologous host and metabolic rewiring strategies to enhance
precursor supply for polyketide biosynthesis. Yeast distributes acetyl-CoA metabolism across the cytosol, mitochondria, peroxisomes, and
nucleus, generating multiple partially insulated cofactor pools that collectively determine the availability of building blocks for polyketide
assembly. Cytosolic acetyl-CoA—derived from glycolysis (via pyruvate decarboxylation, acetaldehyde/ethanol conversion, or acetate activation),
mitochondrial export, and peroxisomal b-oxidation—is converted into malonyl-CoA by acetyl-CoA carboxylase (Acc1). Activation of the AMP-
activated protein kinase (AMPK) homolog Snf1 suppresses malonyl-CoA formation through phosphorylation-dependent inhibition of Acc1,
creating a major regulatory node that influences PKS extender-unit flux. In parallel, the mitochondrial acetyl-CoA carboxylase Hfa1 provides an
additional malonyl-CoA source, linking organelle-specific acetyl-CoA pools to global precursor availability. Metabolic engineering strategies
therefore focus on rewiring cofactor and acyl-CoA metabolism to increase cytosolic acetyl-CoA generation, channel organelle-specific acetyl-
CoA pools toward malonyl-CoA formation, alleviate Acc1/Snf1 regulation, and rebalance central pathways (glycolysis, TCA cycle, glyoxylate
shunt, ethanol metabolism). In the schematic, enzymes are highlighted in blue, organelle compartments in green, and the production routes of
acetyl-CoA and malonyl-CoA in red. Abbreviations: G-6-P, glucose-6-phosphate; G-1-P, glucose-1-phosphate; PGL, 6-
phosphogluconolactone; F-1,6-BP, fructose-1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; G-3-P, glyceraldehyde-3-phosphate;
OAA, oxaloacetate; TCA, tricarboxylic acid cycle; GYC, glyoxylate cycle. Enzymes: Pgm1/2, phosphoglucosemutase; Gsy1/2, glycogen synthase;
Zwf1, glucose-6-phosphate dehydrogenase; Gpd1, glycerol-3-phosphate dehydrogenase; Pyc1/2, pyruvate carboxylase; Pck1, PEP carbox-
ykinase; PDH, pyruvate dehydrogenase complex; Cit2, citrate synthase; PDC, pyruvate decarboxylase; Adh1/2, alcohol dehydrogenase; Ald6,
aldehyde dehydrogenase; ACS, acetyl-CoA synthase; Mls1, malate synthase; Acc1, acetyl-CoA carboxylase; Snf1, AMPK homolog; Hfa1, mito-
chondrial acetyl-CoA carboxylase.
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broad polyketide chemical space rather than just boosting
a single product.303,304 In parallel, Klass et al. disrupted the
native malonyl-CoA pathway and installed an orthogonal mal-
onate transporter/ligase module, then used adaptive laboratory
evolution (ALE) to identify regulatory mutations that further
elevated malonyl-CoA and polyketide titers while suppressing
off-target acyl-CoA utilization.305 Conceptually, both studies
illustrate a shi from incremental tuning of Acc1 towards
modular malonyl-CoA “plug-ins” whose ux can be externally
controlled (for example by malonate feeding) and whose
architecture is less entangled with host lipid homeostasis—an
attractive blueprint for constructing fungal or yeast chassis that
can tolerate high malonyl-CoA levels while feeding diverse PKS
libraries.
Nat. Prod. Rep.
An orthogonal strategy is to route carbon into malonyl-CoA
via amino acid-derived or b-alanine-based pathways, which
can be thermodynamically favorable and avoid the kinetic and
regulatory constraints of acetyl-CoA carboxylation. In Y. lip-
olytica, two malonyl-CoA pathways derived from L-glutamate
and L-aspartate were recently engineered to enhance malonyl-
CoA supply and support high-titer production of malonyl-
derived compounds.306 Complementary work in Corynebacte-
rium glutamicum has combined b-alanine-based malonyl-CoA
pathways with hybrid biological–chemical strategies to mini-
mize carbon loss and expand the usable diacid feedstocks,
thereby improving access to malonyl- and methylmalonyl-
derived extender units for downstream polyketide syn-
thases.304 These examples highlight a broader design principle
This journal is © The Royal Society of Chemistry 2026
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that is equally relevant to fungal polyketides: building auxiliary
malonyl-generating modules that can be switched on only when
needed (for example during library production), reducing the
burden on central metabolism while still enabling extensive
exploration of non-native PKS building blocks.304,306,307

Together, these developments suggest that future “designer”
fungal polyketide platforms will rely less on simple ACC1 over-
expression and more on programmable precursor modules that
can be dialed to support diverse PKS architectures and combi-
natorial tailoring, while maintaining host viability and
providing built-in selection handles for library exploration.
4.5. Compartmentalization engineering

Beyond pathway refactoring and precursor rewiring, many
fungal type I polyketide pathways are inherently partitioned
across organelles such as the cytosol, endoplasmic reticulum
(ER), Golgi, peroxisomes, vacuoles and toxin-associated vesicles
(Fig. 18).308 Systematic imaging and genetics have revealed that
iPKSs and their tailoring enzymes oen assemble into spatially
conned “microfactories”, which shape precursor access,
constrain reactive intermediates, and couple product formation
to self-protection.38 For designer fungal polyketides, this spatial
layer is not just a curiosity: it offers an additional handle to
program which precursors are available, where b-oxidation-like
editing occurs, and how toxic scaffolds are sequestered or
exported.

A well-resolved example is the mycophenolic acid (MPA),
where an nrPKS (MpaC') produces the 5-methylorsellinic acid
core in the cytosol, while a P450–hydrolase fusion (MpaDE') and
an oxidase (MpaB') are anchored on the ER, and the prenyl-
transferase MpaA' resides at the Golgi.309 The pathway is
completed by a b-oxidation-like cascade and a dedicated acyl-
CoA hydrolase (MpaH') in peroxisomes, which iteratively
shorten and release the side chain to give MPA.310 This multi-
organelle layout, elucidated by GFP tagging and organelle
markers, shows how a fungal nrPKS core is functionally wired to
peroxisomal lipid metabolism and ER/Golgi trafficking.309

Recent work further optimizes the b-oxidation-like steps for
improved MPA titers and suggests that tuning peroxisomal
chain-shortening can, in principle, be used to generate non-
natural analogues with modied side chains.311

Subcellular mapping of other mycotoxin pathways supports
a similar design logic. In the viriditoxin pathway, the nrPKS
VdtA and associated tailoring enzymes localize to punctate
structures consistent with peroxisome-like compartments, and
a membrane transporter VdtG is required for efficient dimer
formation and export, pointing to a conned, transporter-gated
assembly line.220 For the Alternaria AK toxin, several enzymes in
the polyketide-derived portion of the pathway carry canonical C-
terminal peroxisomal targeting sequences; mutational removal
of these tripeptides relocalizes the proteins to the cytosol and
disrupts toxin formation, directly demonstrating that peroxi-
somal import is necessary for productive polyketide
assembly.312 In aatoxin and sterigmatocystin biosynthesis,
peroxisomes again contribute acetyl-CoA via b-oxidation, while
enzymes that act later in the pathway relocalize from the cytosol
This journal is © The Royal Society of Chemistry 2026
to ER-derived “aatoxisomes” and other toxin-associated vesi-
cles as biosynthesis is induced, linking ux control and self-
resistance to the formation of dedicated vesicular
compartments.313

Together, these studies outline a set of design principles that
are directly relevant for engineering fungal platforms for
designer polyketides. First, short peroxisomal targeting signals
and ER/Golgi anchor motifs can be used to deliberately co-
localize iPKSs with b-oxidation modules or redox-intense
tailoring enzymes, as exemplied by MPA, AK toxin and aa-
toxin pathways.309,314 Second, transporter positioning at organ-
elle membranes (such as VdtG in viriditoxin biosynthesis) can
be exploited to gate intermediate export and to separate toxic
end products from sensitive cellular targets.220,315 Finally, the
emergence of toxisome-like vesicles shows that fungal cells can
build inducible, ER-connected reaction chambers around
polyketide pathways; analogous “synthetic toxisomes” in engi-
neered strains could host highly reactive halogenases, P450
cascades or dimerizing laccases discussed in previous
sections.313

Early proof-of-concept work in yeast cell factories already
mirrors parts of this strategy: peroxisomal acetyl-CoA has been
tapped directly for polyketide synthesis by co-targeting Acc and
model PKSs to the peroxisome,298 and compartmentalizing toxic
enzymes into peroxisomes has been shown to alleviate cyto-
toxicity while maintaining ux through specialized path-
ways.316,317 Although these examples mainly involve non-fungal
or type III systems, they reinforce the notion that organelles
can be repurposed as programmable microreactors. Looking
forward, combining such compartmentalization strategies with
the dynamic control and biosensor frameworks outlined
above—ideally using compartment-specic sensors or induc-
ible targeting tags—should enable fungal hosts in which iPKSs
and tailoring enzymes are not only sequence-programmed but
also spatially orchestrated, completing the platform vision of
fungal polyketide biosynthesis as a chassis for designer natural
products (Fig. 18).

5. Perspectives

In the coming years, we anticipate that fungal iPKSs will
increasingly be treated as programmable molecular machines
rather than idiosyncratic “black boxes”. Structural biology has
now illuminated several recurring “programming rules” –

including domain competition for shared intermediates (for
example between MT, KR and NRPS loading domains),23 SAT-
mediated starter and chain-length ltering,16,51 and TE-gated
decisions that determine whether a given intermediate is edi-
ted, cyclized or hydrolyzed.198 Cryo-EM structures of full or
partial megasynthases, combined with biochemical dissection
of condensed regions and isolated tailoring domains, have
started to reveal how conformational dynamics and domain–
domain interfaces encode these rules in three dimensions.33 At
the same time, high-throughput mutagenesis and screening,
together with AI-based structure prediction and molecular
docking, are beginning to convert qualitative mechanistic
models into quantitative design tools.318
Nat. Prod. Rep.
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It is important, however, to recognize the current practical
boundaries of these approaches. AlphaFold-class models are
highly reliable for predicting static folds and stable domain
interfaces, but fungal iPKSs operate through dynamic confor-
mational transitions, and catalytically relevant states may be
transient and only partially captured in single-structure
predictions.31 Similarly, docking simulations of ACP-tethered
intermediates are oen weakly constrained, as the exible
phosphopantetheine arm and iterative substrate repositioning
introduce degrees of freedom that are difficult to model without
complementary crosslinking data or cryo-EM state trap-
ping.102,203 In addition, many fungal PKSs function within multi-
protein assemblies or engage trans-acting partners, where pre-
dicted interfaces should be interpreted as testable hypotheses
rather than denitive solutions.31,130 Addressing these limita-
tions—through integration of structural ensembles, experi-
mental state stabilization and iterative model validation—will
be essential for transforming AI-assisted predictions from
suggestive models into genuinely predictive engineering tools.
We expect that expanding structural coverage across hrPKS,
prPKS, nrPKS and hybrid PKS-NRPS families, particularly for
transient states and trans-acting partners, will be essential to
move from post hoc explanation toward truly predictive control
of chain length, reduction pattern and cyclization outcomes.

For combinatorial biosynthesis, the accumulated “successes
and failures” now point to several practical design principles.
First, random domain swapping is unlikely to be productive;
instead, exchanges should be aligned with natural interface
boundaries and respect native docking interactions, especially
around SAT–KS, ACP–partner and TE/CLC gates that act as
context-dependent lters for chain length and ring topology.209

Second, TE, SAT and PT domains should be treated as coupled
decision nodes: TE specicity oen determines whether
a chimeric enzyme produces a macrocycle, a linear shunt product
or nothing at all, while SAT and PT impose upstream constraints
on accessible intermediates.35 Third, computation should precede
construction: sequence co-evolution analysis, AlphaFold-class
interface models and MD-based conformational sampling can
be used to pre-screen domain pairings, identify incompatible
surfaces and prioritise a smaller set of rational chimeras for
experimental testing.189 Finally, combinatorial PKS engineering
needs to be embedded in high-throughput design-build–test–
learn loops, where barcoded libraries, miniaturised cultivation
andmultiplexed LC-MS readouts are coupled tomachine-learning
models that update design rules based on both positive and
negative outcomes.319,320 In this framework, the goal is no longer
to nd isolated “lucky” non-natural products, but to establish
programmable PKS platforms that can be steered toward dened
regions of chemical space with quantiable success rates.

On the cell-factory side, fungal polyketides are ideally posi-
tioned to benet from integrated chassis and pathway engi-
neering. The past decade has demonstrated that supply of
acetyl-CoA, malonyl-CoA and redox cofactors can be substan-
tially improved by combining precursor pathway rewiring,
cofactor balancing and biosensor-guided dynamic control; yet
for fungal polyketides this has so far been explored only in
a limited set of chassis and pathways.297,321,322 Building on this
Nat. Prod. Rep.
work, a key future direction will be to treat dynamic regulation
engineering, subcellular compartmentalization and cofactor
management as a unied design problem. For example, tar-
geting PKSs and accessory enzymes to peroxisomes, mito-
chondria or engineered micro-compartments could decouple
polyketide biosynthesis from central carbon ux, enrich
hydrophobic intermediates and enable local CoA recycling,
while parallel engineering of cytosolic acetyl-CoA and malonyl-
CoA pools maintains robust growth. In parallel, malonyl-CoA-
and polyketide-responsive biosensors, RNA-based switches
and tunable feedback controllers will be needed to implement
closed-loop regulation that adapts enzyme expression to
precursor availability and alleviates toxicity in real time.323

Looking ahead, we foresee at least three interlinked chal-
lenges and opportunities. First, there is a pressing need to close
the gap between sequence and function by integrating high-
resolution structures, AI-based prediction and systematic muta-
tional data into unied models that can forecast iterative
programming outcomes for uncharacterized PKSs. Second,
combinatorial biosynthesis must evolve from semi-empirical
domain swapping to rational, AI-assisted exploration of design
space, where interface-aware chimeras, engineered tailoring
enzymes and precursor-directed strategies are designed and
evaluated in a data-driven manner across entire families of PKSs
and tailoring networks. Third, fungal and yeast cell factories
should be developed as versatile platforms that can host multiple
polyketide families, combining genome mining, modular BGC
integration, organelle and membrane engineering, and auto-
mated DBTL cycles for rapid strain optimisation.324 Finally,
translating these advances into drug discovery, agrochemicals
and sustainable materials will require closer coupling between
cheminformatics, bioactivity proling and process engineering
so that “designer” polyketides can be prioritized not only for
structural novelty but also for manufacturability and application
relevance. We envisage that integrating programmable PKS
modules with versatile fungal and yeast cell factories will trans-
form fungal polyketides from sporadic natural products into
systematically accessible molecular platforms for future medi-
cines and renewable functional materials.
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