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Abstract
Polyketides have been widely used clinically due to their significant biological activities, but the needed structural and 
functional diversity cannot be achieved by common chemical synthetic methods. The tool of combinatorial biosynthesis 
provides the possibility to produce “unnatural” natural drugs, which has achieved initial success. This paper provides an 
overview for the strategies of combinatorial biosynthesis in producing the structural and functional diversity of polyketides, 
including the redesign of metabolic flow, polyketide synthase (PKS) engineering, and PKS post-translational modification. 
Although encouraging progress has been made in the last decade, challenges still exist regarding the rational combinatorial 
biosynthesis of polyketides. In this review, the perspectives of polyketide combinatorial biosynthesis are also discussed.
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Introduction

Polyketides are a class of natural products with different 
structures but similar biosynthetic pathways produced by 
bacteria, fungi or plants through the decarboxylative con-
densation of the lower carboxylic acids such as acetic acid, 
malonic acid, and butyric acid CoA derivatives, and the con-
densation is similar to the synthetic pathway of long-chain 
fatty acids [1]. Because of the effective biological activities 
of polyketides, they have been clinically used as antibiotics, 
such as antimicrobial erythromycin, anti-cancer agent doxo-
rubicin, anti-parasitic agent avermectin, pesticide spinosad, 
and immunosuppressant rapamycin [2].

Polyketides are synthesized by a multifunctional polyke-
tide synthase (PKS) family, and PKSs can be divided into 
three types (as shown in Table 1): Type I is called modular 

PKS, and it is a catalytic subunit module formed by a multi-
enzyme complex, such as the 6-deoxyerythronolide B syn-
thase (DEBS) [3]. Figure  1a shows that DEBS is composed 
of DEBS1, DEBS2, and DEBS3, and each component con-
sists of two modules. Each module contains the following 
functional domains: acyltransferase (AT), which is responsi-
ble for transferring the building blocks from acyl-CoA pre-
cursors to acyl carrier protein (ACP); ketosynthase (KS), 
which is responsible for chain elongation; ACP, which is 
responsible for providing an intermediate-binding thiol-site; 
β-2-ketoreductase (KR), which is responsible for the reduc-
tion from a β-ketone to a hydroxyl group; dehydratase (DH), 
which is responsible for the dehydration of β-hydroxy inter-
mediates; and enoyl reductase (ER), which is responsible for 
the reduction of unsaturated bonds [4]. After the reactions 
are completed, 6-deoxyerythronolide B is released by thi-
oesterase (TE). Fugal nonreducing PKS (NR-PKS) contains 
KS, AT, ACP, as well as the product template (PT) domain 
that controls the aldol cyclization of poly-β-ketone interme-
diates [5]. Type II is an aromatic compound-forming type, 
such as the actinorhodin PKS shown in Fig. 1b, which is 
composed of 4–6 single-functional or bifunctional enzymes, 
and each type catalyzes the repeated reactions in the biosyn-
thesis. McDaniel et al. [6] determined its minimal functional 
module that contains KS, the chain length factor (CLF), and 
ACP. Afterwards, KS was redesignated as KSα, and CLF 
was redesignated as KSβ (KSβ was previously regarded 
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as the only factor to determine the chain length, but KSα 
also affects the chain length) [7]. Type III is the chalcone 
synthase identified from plants, bacteria, and fungi, and is 
a reusable homodimeric protein that is applied to catalyze 
the condensation of acyl-CoA without ACP. This type of 
PKS produces a number of compounds such as chalcones, 
pyrones, resorcinolic lipids, and stilbenes despite its simple 
structure. The first reported bacterial Type III PKS RppA 
comes from Streptomyces griseus and is responsible for fla-
violin production as shown in Fig. 1c [8]. 

Natural polyketides constitute a great proportion of cur-
rent pharmacopeia; consequently, they have attracted much 
interest in PKS manipulation for “unnatural” polyketides [9]. 
The ordinary chemical modification method is difficult to 
operate due to the complex structure and stereochemistry of 
polyketides, and recent studies on polyketide biosynthesis by 
methods of traditional metabolic engineering [10] and sys-
tems biology [11–13] present the foundation for its combina-
torial biosynthesis. The combinatorial biosynthesis is based 
on the understanding of the biosynthetic pathway to regulate, 
delete, add, substitute, and recombine the genes from dif-
ferent sources in vitro. Then, these genes can be introduced 
into an appropriate host to produce a series of compounds 
through oriented-synthesis. This strategy has been used to 
change the fixed biosynthetic pathways of many natural 
products, leading to the formation of many new “unnatural” 
products with new structures and biological activities.

This review mainly focuses on the combinatorial biosyn-
thesis strategies used recently, including the redesign of the 
metabolic flow, PKS engineering, and PKS post-transla-
tional modifications in “unnatural” polyketide biosynthesis 
(Fig. 2). This work helps in explaining polyketide combina-
torial biosynthesis on a global level. Last, the perspectives 
of polyketide combinatorial biosynthesis are also discussed.

Redesign of Metabolic Flow

With the development of genetic sequencing, genome min-
ing has become a powerful tool to find new PKS genes [14], 
especially in Streptomyces, but the genes may be suppressed 
under standard laboratory growth conditions [15], or the 
products may have a low yield beyond the detection limit. 
The metabolic engineering of the biosynthetic pathway in 

microorganisms provides new starter units and redirects the 
metabolic flow to target products or new metabolites, which 
are the starting points of polyketide synthesis [16].

Three policies were mainly taken in metabolic flow rede-
sign: (1) gene knockout to inhibit the metabolic offshoot. 
Gómez et al. [17] independently disrupted four enzymes 
(SlgN1, SlgN2, SlgL, which are responsible for condens-
ing the portion of precursor 3-methylaspartate, and SlgO2, 
which is responsible for the cyclization of the characteristic 
bicyclic ketal) involved in the synthesis of streptolydigin in 
Streptomyces lydicus NRRL 2433, while the final mutants 
could not synthesize any streptolydigin as they could not 
produce any intermediates or branch products of streptolydi-
gin. However, they synthesized three novel polyketides that 
were identified as 4-(2-carboxy-propylamino)-3-chloro-ben-
zoic acid, 4-(2-carboxy-propylamino)-3-hydroxy-benzoic 
acid and 4-(2-carboxy-propylamino)-benzoic acid. Wu et al. 
[18] identified two putative epigenetic-related genes PfCclA 
and PfcclA in Pestalotiopsis fici, and the PfCclA or PfcclA 
deletion mutants were constructed, yielding significantly 
enhanced polyketide productions of pestaloficiols T–W and 
ficipyrone C as well as 11 macrodiolide ficiolides A–K, lead-
ing to the isolation of 15 novel polyketides (ficiolide K (1) 
contains a very rare 1,6-anhydro-pyranose moiety, which is 
shown in Fig. 3). (2) Modification of the precursor pathway. 
For the Type I and Type II PKSs, each step of the chain 
extension depends on the choice of module and precursor, 
significantly affecting the structure and activity of the final 
polyketide products. Lechner et al. [19] designed the biosyn-
thesis of 36-methyl-FK506 (2 shown in Fig. 3) by polyketide 
precursor pathway engineering. In Streptomyces sp. KCTC 
11604BP, they associated the branched extender isobutyryl-
malonyl-CoA with the macrolide ansalactam A from Strep-
tomyces sp. CNH189 by introducing a three-gene operon 
into FK506 biosynthesis, resulting in the replacement of the 
natural C-21 allyl side chain of FK506. Katsuyama et al. 
[20] developed a precursor-directed biosynthesis system 
with the artificially assembled pathway to produce the cur-
cumin analogs in Escherichia coli, exogenously supplying 
various carboxylate precursors and analogs of p-coumaric 
acid, leading to the production of 17 novel curcuminoids. (3) 
Silence genes activation. Li et al. [21] activated a putative 
ansamycin gene cluster (nam) of Streptomyces sp. LZ35, 
and three new naphthalenic octaketide ansamycins (3–5 

Table 1  Overview of PKS types and their characteristics

Main type Main property Minimal domain Typical polyketide

Type I Separate module of catalytic activities for chain elongation and modification KS; AT; ACP;
KR; DH; ER; PT

Erythromycin

Type II Iteratively used system; multi-enzyme complex; phenolic polyketide structures KSα; KSβ; ACP Actinorhodin
Type III Existing largely in plants and bacteria; single active site; iteratively used system Flaviolin
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shown in Fig. 3) were produced with n-pentyl and n-butyl 
side chains. A similar strategy was also applied to the isola-
tion of lomaiviticin, which is a product of the Type II PKS 
cluster in Salinispora tropica [22].

PKS Engineering

The PKSs use a series of carbon blocks to construct various 
polyketides with different stereochemical structures. The 
malonyl-CoA and methylmalonyl-CoA are the most com-
mon extending units for the biosynthesis of the macrolide 
while some other special modules can be synthesized by 
some polyketide-producing strains, such as ethylmalonyl-
CoA, isobutyrylmalonyl-CoA, and methoxymalonyl-CoA, 
which are encoded by the partial gene clusters of PKS [23]. 
This is an efficient way to combine the PKSs derived from 
different organisms to form the hybrid gene assembly that 
could lead to the usage of alternative starter units or extend-
ing units. Among the three types of PKS, Type I PKSs 
attract more interest due to the separate modular structure. 
Type I PKSs are constituted by separate modules, so the 
recombinant and replacement of specific PKS modules pro-
vide the possibility to produce the “unnatural” products and 
the basis of using combinatorial biosynthesis as a method to 
recombine these modules (Fig. 3).

Two main strategies are used to manipulate modular PKS 
based on a catalytic cycle. One method is to change the cata-
lytic cycle such as adding or deleting PKS modules and the 
other is to modify PKS modules without changing the cata-
lytic cycle such as domain replacement, domain mutation, 
or modular rearrangement.

Strategies Based on Changing the Catalytic Cycle

The number and the type of modules control the chain length 
of the macrolide, so the unnatural chain length of the mol-
ecule structure could show differences in the insertion or 
deletion of modules.

The PKS assembly line could be extended by insert-
ing modules, and proved the separate modules would be 
combined to synthesize novel macrolides. Rowe et al. [24] 
inserted the module 2 of rapamycin PKS (RAPS) into the 
mutable site of DEBS1-TE, and two novel tetraketides (6 
and 7) were produced. Co-expression of the recombinant 
DEBS1 (RAPS Module 2)-TE with DEBS2 and DEBS3 
in Saccharopolyspora erythraea contributed to the forma-
tion of four new octaketide macrolactones (9–12) with the 
normal product erythronolide B (8) (Fig. 4). In addition, 
novel macrolides can be obtained by module deletion or 
inactivation. Collismycin A belongs to the hybrid polyke-
tide nonribosomal peptide that shows cytotoxic activity, and 
Garcia et al. [25] characterized its gene cluster and used 

the advantages of insertional inactivation and biocatalysis 
to obtain 12 collismycin analogs. Interestingly, among these 
derivatives, some showed potential neuroprotective activity 
but little cytotoxic activity.

Strategies Based on Modular Modification: Domain 
Modification

The PKSs of multi-modules such as DEBS are organized in 
a modular fashion, and each module is responsible for a sin-
gle extender unit installation. In each module, AT domains 
are required to select the starter and extender units, while the 
domains such as ER and KR are significant in stereoisomer-
ism decision. Efforts on modifying such domains would also 
result in structural diversity.

AT Domain

It has been reported that the KS is remarkably tolerant to a 
diverse array of extender units, and the remarkable prom-
iscuity of KS significantly expands the potential scope and 
utility of different starter and extender units [26]. Based on 
such knowledge, various strategies such as domain swap, 
domain hybrid, site-directed mutagenesis and trans-AT com-
plementation that were reviewed by Dunn and Khosla [27] 
can be used to modify the AT domains to select an “unnatu-
ral” starter or extender unit. This review summarizes some 
new cases about AT domain modification in recent years.

AT domains control the extender unit selection and 
the side-chain diversity of the resulting polyketides. The 
replacement of native AT domain with heterologous analogs 
that possess different substrate specificities allows the incor-
poration of unnatural starter and extender units, providing 
another way for the diversification of PKS [28]. Rifamycin 
is the precursor of antibiotics that are effective against tuber-
culosis, leprosy, and AIDS-related mycobacterial infections. 
The AT6 domain of rifamycin PKS was substituted by the 
AT2 domain of rapamycin PKS, and two new rifamycin ana-
logs, 24-desmethylrifamycin B and 24-desmethylrifamycin 
SV were produced. Then, the analogs were converted to 
24-desmethylrifampicin (13 shown in Fig. 5) and showed 
excellent antibacterial activity against several rifampicin-
resistant Mycobacterium tuberculosis strains [29]. By 
assaying PKS variants using easily accessible acyl-SNAC 
acceptor substrates, Koryakina et al. [30] created an effective 
method to discover AT mutations that could shift extender 
unit specificity toward non-native and non-natural substrates. 
Multiple mutants of the AT6 domain in DEBS3 were tested, 
and the Tyr189Arg mutation in combination with Val187Ala 
in DEBS3 was notably able to utilize extender units not 
originally screened for and produce novel compounds not 
detectable via the wild-type enzyme.
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Fig. 1  Representative reactions catalyzed by three typical bacterial 
PKSs. a Type I PKSs of DEBS, LD loading domain, TE thioesterase, 
M modular, KR ketoreductase, DH dehydratase, ER enoylreductase. b 
Schematic representation of Actinorhodin (ACT) biosynthesis by the 
act PKS. Eight malonyl-CoA converted to malonyl-ACP by malonyl-
CoA:ACP transacylase (MAT) was consumed in the whole process, 

and the minimal PKS was used iteratively for seven rounds, then the 
intermediate was modified by various auxiliary PKS subunits and tai-
loring enzymes into actinorhodin. c Schematic representation of the 
formation of flaviolin. RppA catalyzes the five molecules of malonyl-
CoA into 1,3,6,8-tetrahydroxynaphthalene (THN), and the THN is 
oxidized to yield flaviolin
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Two types of AT domains are known in the PKS assem-
bly line. cis-acting ATs are coupled with the native ACP 
domains, whereas trans-acting ATs exist as stand-alone 
enzymes. The latter can transfer the extender unit onto one 
or more ACPs in a multi-modular PKS assembly line, such 
as the synthesis of disorazol [31] and bryostatin [32]. Com-
pared to cis-AT, the trans-AT may have a wider substrate 
library, thus, it can be used to obtain “unnatural” analogs 
[33]. A promiscuous malonyl-CoA synthase variant was 
constructed by Koryakina et al. [34], and it can be applied 
to synthesize a broad range of malonyl-CoA extender units, 
some of these extender units are not found in natural bio-
synthetic systems. The utility of the variant in probing the 
acyl-CoA specificity of several trans-ATs has led to the dis-
covery of poly-specificity toward non-natural extender units. 
Kinetic analysis and complement experiments of trans-ATs 
from the disorazole synthase and kirromycin synthase and 
cis-AT from DEBS were conducted, and the results showed 
that both carboxyacyl-CoA and ACP specificities are critical 
to the choice of a trans-AT in combination with a mutant 
PKS to generate novel polyketides [35].

Modifying Domain (KR, ER)

Modular PKSs bio-synthesize a variety of secondary metab-
olites by operating on the β-carbon processing degree using 
various combinations of KR and ER domains.

KR is responsible for determining the chirality of the pol-
yketide product by reducing the β-carboxyl to hydroxyl [36]. 
Power et al. [37] inactivated the KR domain of amphotericin 
PKS, replaced the hydroxyl at C-7 of amphotericin B with 
a ketone group, and produced the 15-deoxy-15-oxo-ampho-
tericin B (14 shown in Fig. 5) and 7-oxo-amphotericin B (15 
shown in Fig. 5) analogs. Many researchers have studied the 

KR domain structure and its stereochemical mechanisms [36, 
38, 39]. A mutation (Ser192Ile) in LanV, which is responsible 
for the 6R stereochemistry of landomycins in Streptomyces 

Fig. 2  Schematic represent-
ing the strategy of polyketide 
combinatorial biosynthesis for 
“unnatural” products

Fig. 3  Typical novel compounds achieved by a redesign of the meta-
bolic flow in polyketide biosynthesis. Rare moieties or the modifica-
tions from parental products are shown in red
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Fig. 4  Insertion of an additional module from RAPS Module 2 into 
the DEBS system [24]. a The bimodular DEBS1-TE, b RAPS Mod-
ule 2 was inserted into DEBS1 between module 1 and module 2, c 

Co-expression of DEBS1 with DEBS2 and DEBS3, d Co-expression 
of the recombinant DEBS1(RAPS Module 2)-TE with DEBS2 and 
DEBS3
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cyanogenus S136, led to the accumulation of gaudimycin C 
with 6S stereochemistry as a minor product [40].

Similar to the KR domain, the ER domain can also influ-
ence the configuration of PKS product. It has been reported 
that a unique tyrosine residue in the ER active site led to 
S configuration of the methyl branch, otherwise it has R 
configuration. In vivo, a mutation (Tyr to Val) in an eryth-
romycin PKSs-derived ER caused the methyl branch con-
figuration from S to R of the product, but the resembling 
mutation in a rapamycin-derived PKSs ER was insufficient 
to achieve the form switch [41]. Further studies have shown 
that a lysine residue might serve as a proton donor in enoyl 
reduction and the action analogously placed lysine in mam-
malian fatty acid synthases (FASs) [42]. The trans-acting 
ER in an iterative Type I PKS was also studied, providing 
a potential target in polyketide combinational biosynthesis 
[43].

Strategies Based on Modular Modification: Modular 
Rearrangement

PKS modular rearrangement (or a hybrid) can supply an 
effective tool to generate “unnatural” products based on 
the natural PKS genes illustrated. PKSs rational design and 
assembly by Menzella et al. [44, 45] established an important 
milestone toward the ultimate goal of making new bioactive 
polyketides. Liu et al. [46] replaced the starter unit ACP 
transacylase (SAT) domain of asperfuranone biosynthesis 
from Aspergillus nidulans with the SAT domain of sterig-
matocystin biosynthesis, and the constructed hybrid PKS 
could utilize the hexanoyl starter unit synthesized by FAS 
to produce the novel compound (16) with the same length as 
asperfuranone (Fig. 6). Tautomycetin is a linear polyketide 
produced in Streptomyces sp. CK4412, while the mutant, in 
which the tautomycetin TE domain was swapped with the 
macrocyclic polyketide pikromycin TE domain, could pro-
duce an extra cyclized form called tautomycetin [47]. The 
biosynthesis of benzenediol lactone (BDL) polyketide, an 
important pharmacophore, is based on a pair of sequentially 
acting iterative polyketide synthases (iPKSs). Xu et al. [48] 
also used a plug-and-play combinational approach to express 
random pairs of iPKS subunits from four BDL model sys-
tems in yeast and created a diverse library of BDL conge-
ners, including radilarin with an unnatural  DAL14 skeleton 
and heat-shock response-inducing activity.

PKS Post‑Translational Modification

The tailoring enzymes of the natural product gene cluster 
are involved in a series of reactions, such as the glycosyla-
tion [49], halogenations [50], hydroxylation [51], and some 
other modification reactions that make the various molecu-
lar structures. As a result, the tailoring enzymes have been 
used for the combinatorial biosynthesis to produce novel 
compounds [52].

Glycosylation

The glycosylation of the core ring molecules is one of the 
structural characteristics of polyketides, and the sugar moi-
ety connected to the macrolide by the glycosyltransferases 
(GTs) is important to the biological activity. In recent years, 
many of the GTs have shown substrate flexibility to the gly-
cosyl donor or receptor, and this flexibility is significant for 
the synthesis of the novel glycosylated macrolide. A Strep-
tomyces venezuelae YJ003 mutant strain bearing the deletion 
of a desosamine biosynthetic (des) gene cluster was used as 
the host to accept plasmids with different exogenous deox-
ysugar gene cassettes and a substrate-flexible GT; as a result, 
amounts of macrolide antibiotic YC-17 analogs possessing 

Fig. 5  Typical novel compounds achieved by PKS engineering. Rare 
moieties or the modifications from parental products are shown in red
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Fig. 6  Biosynthetic pathway of asperfuranone and the reconstructed 
hybrid pathway of 16 [46]. Two PKSs AfoE and AfoG are involved 
in the asperfuranone biosynthesis. To construct the hybrid pathway, 
the SAT domain was swapped with the sterigmatocystin SAT, and the 

FAS encoded by stcJ and stcK was responsible for supplying the hex-
anoyl starter unit. SAT starter unit ACP transacylase, CMeT methyl-
transferase, R reductase
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unnatural sugars were produced [53]. The antibacterial assay 
showed that replacing the native sugar d-desosamine with 
l-rhamnose led to a better antibacterial activity. Except for 
macrolide polyketides, Kim et al. [54] constructed the one-
pot combinatorial biosynthetic system through the co-cul-
tivation of S. venezuelae mutants to produce aglycones and 
nucleotide-activated deoxysugars, facilitating the generation 
of seven novel glycosylated derivatives of aklavinone and 
ε-rhodomycinone by promoting the facile combination of 
aglycones with various sugars. YjiC, a substrate-flexible GT, 
was introduced into Streptomyces chromofuscus and contrib-
uted to the generation of two novel derivatives of herboxi-
diene: 18-O-β-d-glucopyranoside herboxidiene (17 shown 
in Fig. 7) and 18-O-β-d-glucopyranoside-25-demethyl her-
boxidiene (18 shown in Fig. 7) [55]. Such examples can 
also be found in spinosad [56], narbomycin [57], and other 
polyketides with sugar moieties attached to the aglycone 
core structures [58].

Oxidation

The oxidation is always important to the PKS post-transla-
tion tailoring step that diversifies the structural and biologi-
cal characteristics of the macrolide, such as the hydroxyla-
tion [59] and the epoxidation [60] by the cytochrome P450 
monooxygenase. Thus, a series of engineered monooxyge-
nases would produce novel compounds with greater or new 
activities. Kudo et al. [61] inactivated the cytochrome P450 
gfsF gene involved in the biosynthesis of the 16-membered 
cytotoxic antibiotic macrolide FD-891 in Streptomyces 
graminofaciens A-8890 that resulted in the production of 
a novel FD-891 analog 25-O-methyl-FD-892 (19 shown in 

Fig. 7) without the epoxide and hydroxyl group of FD-891. 
The novel compound 25-O-methyl-FD-892 is about 800 
times less active than FD-891, but 25-O-methyl-FD-892 
demonstrates that C8-C9 epoxide is critical for the cytotoxic 
activity [62]. A cytochrome P450 protein FkbD included 
in FK506 tailoring is responsible for α-keto amide forma-
tion by catalyzing a less common four-electron oxidation at 
the C-9 position, and the fkbD inactivation strain produced 
9-deoxo-FK506, a new intermediate that also displayed anti-
fungal activity [63]. Salcedo et al. [64] characterized the bio-
synthesis gene cluster for antitumor macrolides PM100117 
and PM100118 from the marine actinobacteria Streptomy-
ces caniferus GUA-06-05-006A, including the gonCP gene 
encoding a putative cytochrome P450 that was responsible 
for C16 oxygenation. The deletion of gonCP gene conduced 
to the production of PM100117 and PM100118 analogs that 
lost the C16 aglycone keto group or the naphthoquinone 
moiety, and these analogs showed enhanced in vitro cyto-
toxic activities relative to the parental products.

Perspective

Polyketide synthases are the attractive targets for combinato-
rial biosynthetic engineering to make “unnatural” products 
since its discovery. Behind the encouraging advances over the 
past two decades, there are still challenges that can be sum-
marized as ecological challenges, enzymological challenges, 
and technological challenges [65]. However, great progress 
has been recently made in such fields. The development of 
sequencing technology and its steadily declining price made 
the availability of DNA sequences from organisms more eas-
ily. In addition, with the aid of a new computational method 
(such as Cluster Finder algorithm and anti-SMASH) [66], 
new PKS gene clusters can be elucidated more efficiently. 
Detecting and characterizing the polyketide products were 
also important in determining the gene cluster, and NMR 
spectroscopy [67] in such fields was widely used.

Since the PKS gene cluster annotation and its product char-
acteristic are the basic step in PKS combinational biosynthe-
sis, the architecture and states of the catalytic cycle of PKS 
should be the core part. The explanation of its biosynthesis 
mechanism can escape the blind manipulation. Technologies 
such as tandem equilibrium isotope exchange [68], electron 
cryo-microscopy [69], small-angle X-ray scattering (SAXS) 
[70, 71], and bottom-up liquid chromatography with Fourier 
transform ion cyclotron resonance mass spectrometry [72] 
are of great help. More attention has been paid to the studies 
of PKS on a systematical level either in vivo or vitro, further 
accelerating the pace in the rational engineering of polyketide 
assembly lines [70, 73]. In addition, the total enzymatic recon-
struction of PKS biosynthesis pathway shows promising use 
in PKS biocatalytic analysis [74]. Remarkably, there has been 

Fig. 7  Typical novel compounds achieved by PKS post-translational 
modification. Rare moieties or the modifications from parental prod-
ucts are shown in red
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a trend of combining polyketide combinatorial biosynthesis 
with synthetic biology to exploit and produce “unnatural” 
compounds of interest, and this strategy appears to have a 
bright future. Through decades of exploration and develop-
ment, the rational combinational biosynthesis of polyketides 
has cut a striking figure. However, rapid advances of polyke-
tide combinatorial biosynthesis still depend on deepening 
knowledge of modular PKSs and have a long way to go.
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