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A B S T R A C T

Overproduction of polyketides has been a challenge for metabolic engineering for decades. However, recent
studies have demonstrated that in both native host and heterologous host, engineering β -oxidation pathways
can lead to dramatic improvement of polyketide production.

Polyketides are a family of structurally diverse secondary metabo-
lites produced by bacteria, fungi and plants, many of which have im-
portant biological activities. Despite their vast structural diversity, they
are biosynthesized by only three types of polyketide synthases via
successive condensation of simple building blocks, such as acetyl-CoA
and malonyl-CoA. Therefore, employing metabolic engineering strate-
gies to improve their titers for medical and industrial applications is of
great interest.

Neutral glycerides, specifically triacylglycerols (TAGs), are highly
dense energy molecules that are commonly stored in eukaryotes as lipid
bodies. Yet their surprising presence, sometimes at an even substantial
fraction, in the cells of prokaryotic streptomycetes was soon correlated
to the secondary metabolism and polyketide production in early 1980s
[1,2]. This correlation remained unclear for decades due to the complex
morphological and physiological differentiations that are often ac-
companied by a dramatic metabolic switch from central carbon primary
metabolism to specialized secondary metabolism [3,4]. However, this
was completely changed by the recent work published in Nature Bio-
technology by Zhang and co-workers who unambiguously established
the correlation between storage TAG degradation and polyketide pro-
duction by extensive multi-omics analyses coupled with genetic ma-
nipulations [5]. More significantly, this discovery was successfully
transferred to practical applications.

Zhang and co-workers showed that the lipid pathway metabolites,
discriminately the storage TAGs, were accumulated in the early stages

of cell growth and reached the maximum in the post-exponential phase,
and then declined continuously afterward. This trend is well consistent
with the time course of the biosynthesis of polyketide actinorhodin
(Act). Supported by transcriptomic analysis, they found genes involved
in fatty acid biosynthesis were downregulated in the stationary phase,
in clear contrast with the β-oxidation pathway genes for TAG de-
gradation that are upregulated when Act is produced. Yet the direct
evidence was from detailed comparative investigation of the Act wild
type producer and a high Act producing strain as well as other three
polyketide producing industrial strains. These results showed a re-
markable proportion of cellular TAG was degraded in the stationary
phase and the resulting acetyl-CoA and reducing power further de-
pressed the Krebs cycle and diverted the carbon flux to the polyketide
biosynthesis. Fatty acyl-CoA synthetase (ACS) is the first committed
step involved in activation of free fatty acid in the TAG degradation
process. Simply overexpressing the ACS gene substantially increased
the Act production (Fig. 1). To maximize the polyketide production,
they followed the cell growth curve and devised a dynamic TAG de-
gradation module to control the timing and strength of ACS expression,
which was successfully applied to several important polyketide com-
pounds either from the parental or industrial strains. Among them a
50% titer improvement (from 6.20 to 9.31 g L−1) was obtained for an
industrial avermectin B1a producer strain in a 180-m3 stirred-tank
bioreactor, indicating the vast potential of this strategy for improving
the polyketide titers in Streptomyces.
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Coincidentally, two recent papers published by the Alper group
explored the same β-oxidation pathway in oleaginous yeast Yarrowia
lipolytica to achieve high-level polyketide production [6,7]. Although
lipid bodies are substantially accumulated in yeast, it was shown that
disrupting the genes involved in the synthesis and degradation of sto-
rage lipids such as TAGs, steryl esters, and even the lipid bodies
themselves, is non-detrimental to yeast cells [8]. This finding generated
great interests in engineering yeast cells for production of fatty acid
derived chemicals and biofuels [9,10], and in a few cases polyketides.

Alper and coworkers first attempted to engineer Y. lipolytica for high
level production of triacetic acid lactone (TAL), a simple polyketide but
a platform chemical for a myriad of valuable products. They in-
vestigated three distinct pathways in the starting strain YT (Y. lipolytica
containing Gerbera hybrida 2-pyrone synthase gene, g2ps1) to promote
the supply of precursors, acetyl-CoA and malonyl-CoA, including the
pyruvate dehydrogenase complex pathway, the pyruvate bypass
pathway, and the β-oxidation pathway (the resulting strain was named
YT-PEX10) (Fig. 1). Among them, the pyruvate bypass pathway en-
gineering achieved an unprecedented titer of 36 g L−1 in a bioreactor.
However, it can only be accomplished in complex medium rather than
the defined medium, impeding practical industrial application. In a
follow-up study, Alper and coworkers continued the engineering efforts
with YT-PEX10. Further overexpression of the native acetyl-CoA car-
boxylase gene ACC1, dramatically improved the TAL titers from 2.4 to
8.6 g L−1 in defined medium in a bioreactor. More encouragingly, they
extended their work to synthesize 4-coumaric acid de novo by a het-
erologous pathway, and combined with deregulation of amino acid
biosynthesis, they accomplished production of naringenin, resveratrol,
bisdemethoxycurcumin, and (E)-5-(4-hydroxyphenyl)-3-oxopent-4-
enoic acid, among which naringenin was produced up to 898 mg L−1,
the highest titer ever reported in a microbial host.

In conclusion, the past decades have witnessed the marvelous de-
velopment of polyketides as either pharmaceutical agents or industrial
chemicals, but such development heavily relied on genetic engineering
of genes or operons confined to the biosynthetic gene clusters and only
low titers of polyketides were obtained in most cases. The studies by
Zhang and coworkers and Alper and coworkers have demonstrated that

in both native host and heterologous host, metabolic engineering of β
-oxidation pathways can lead to dramatic improvement of polyketide
production, which represents a new powerful strategy for exploiting
polyketides for basic and applied research.

Acknowledgements

This work was supported by award AI144967 (to H.Z.) from the U.S.
National Institutes of Health (NIH) and awards DE-SC0018260 and DE-
SC0018420 (to H.Z.) from the U.S. Department of Energy.

References

[1] Packter N, Flatman S, Lucock AJ. Formation of storage lipids and actinorhodin, a
phenolic antibiotic, in Streptomyces coelicolor. Biochem Soc Trans 1985;13:251–2.
https://doi.org/10.1042/bst0130251.

[2] Olukoshi ER, Packter NM. Importance of stored triacylglycerols in Streptomyces:
possible carbon source for antibiotics. Microbiology 1994;140:931–43. https://doi.
org/10.1099/00221287-140-4-931.

[3] Robertsen HL, Weber T, Kim HU, Lee SY. Toward systems metabolic engineering of
streptomycetes for secondary metabolites production. Biotechnol J
2018;13:1700465http://10.1002/biot.201700465.

[4] Bilyk O, Luzhetskyy A. Metabolic engineering of natural product biosynthesis in
actinobacteria. Curr Opin Biotechnol 2016;42:98–107. https://doi.org/10.1016/j.
copbio.2016.03.008.

[5] Wang W, Li S, Li Z, Zhang J, Fan K, Tan G, et al. Harnessing the intracellular tria-
cylglycerols for titer improvement of polyketides in Streptomyces. Nat Biotechnol
2020;38:76–83. https://doi.org/10.1038/s41587-019-0335-4.

[6] Palmer CM, Miller KK, Nguyen A, Alper HS. Engineering 4-coumaroyl-CoA derived
polyketide production in Yarrowia lipolytica through a β-oxidation mediated strategy.
Metab Eng 2020;57:174–81. https://doi.org/10.1016/j.ymben.2019.11.006.

[7] Markham KA, Palmer CM, Chwatko M, Wagner JM, Murray C, Vazquez S, et al.
Rewiring Yarrowia lipolytica toward triacetic acid lactone for materials generation.
Proc. Natl. Acad. Sci. U.S.A 2018;115:2096–101http://10.1073/pnas.1721203115.

[8] Sandager L, Gustavsson MH, Ståhl U, Dahlqvist A, Wiberg E, Banas A, et al. Storage
lipid synthesis is non-essential in yeast. J Biol Chem 2002;277:6478–82http://10.
1074/jbc.M109109200.

[9] Liu Y, Nielsen J. Recent trends in metabolic engineering of microbial chemical fac-
tories. Curr Opin Biotechnol 2019;60:188–97. https://doi.org/10.1016/j.copbio.
2019.05.010.

[10] Ekas H, Deaner M, Alper HS. Recent advancements in fungal-derived fuel and
chemical production and commercialization. Curr Opin Biotechnol 2019;57:1–9.
https://doi.org/10.1016/j.copbio.2018.08.014.

Fig. 1. Metabolic engineering of β-oxidation pathways in Y. lipolytica and Streptomyces hosts for polyketide production. Abbreviations: TAG, triacylglycerol; ACS,
fatty acid CoA synthetase.
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