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Abstract

Microbial natural products (NPs) are of paramount importance in human medicine, animal health 

and plant crop protection. Large-scale microbial genome and metagenomic mining has revealed 

tremendous biosynthetic potential to produce new NPs. However a majority of NP biosynthetic 

gene clusters (BGCs) are functionally inaccessible under standard laboratory conditions. BGC 

refactoring and heterologous expression provide a promising synthetic biology approach to NP 

discovery, yield optimization and combinatorial biosynthesis studies. In this review, we summarize 

the recent advances pertaining to the heterologous production of bacterial and fungal NPs, with an 

emphasis on next-generation transcriptional regulatory modules, novel BGC refactoring 

techniques and optimized heterologous hosts.

Introduction

Microbial natural products (NPs) and their synthetic derivatives play a significant role in 

drug discovery and development as a result of their rich chemical diversity and propensity to 

exhibit bioactivity [1,2]. Historically, bacterial or fungal NPs as well as their derivatives 

have been widely used in human health and agriculture [1]. The NP discovery field enjoyed 

a ‘golden era’ ushered in by the Waksman platform based on fermentation-coupled 

bioactivity screening [3]. However, known compounds are now increasingly re-discovered 

when using this traditional screening platform. With the advances in genome sequencing 

methods, bioinformatics analysis algorithms and synthetic biology tools, we are currently 

witnessing a renaissance of NP discovery in the post-genomic era [4–7]. The development of 

high-throughput and low-cost sequencing technology has accelerated the exploration of 

bacterial and fungal genomes, thus resulting in an exponential growth of microbial genomic 

sequencing data [8]. Advanced computational tools, such as antiSMASH [9] and PRISM 

[10], have been developed for large-scale prediction of NP biosynthetic gene clusters 

(BGCs) and their encoded chemical structures [11]. Repositories for BGCs with 

characterized metabolites, such as MIBiG 2.0 (Minimum Information about a Biosynthetic 

Gene cluster) and IMG-ABC v.5.0 (Integrated Microbial Genomes Atlas of Biosynthetic 
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gene Clusters), have been established to further strengthen in silico analysis of novel BGCs 

[12,13]. Finally, innovative synthetic biology and metabolic engineering tools have greatly 

accelerated BGC cloning and refactoring as well as host genetic engineering [14–16].

Many microorganisms, especially actinomycetes, cyanobacteria and myxobacteria, contain 

an order of magnitude more BGCs than are expressed in the laboratory [2,17]. BGC 

refactoring by replacing natural promoters with constitutive or readily inducible promoters 

and heterologous expression in a panel of optimized heterologous expression strains has the 

potential to provide access to the chemical diversity encoded by silent BGCs for a number of 

reasons [18–20]. Versatile surrogate heterologous hosts and general synthetic biology 

toolboxes are broadly applicable to genetic manipulation of cloned BGCs from diverse 

sources, such as the human microbiome [21] and marine ecosystems [22]. New genetic tools 

are not required to interrogate native BGCs from each new species or genus. Furthermore, 

heterologous expression enables culture-independent characterization of bioactive small 

molecules from obligate symbionts and environmental DNA (e.g., soil metagenomes) [22–

24].

This review aims to provide insight into general BGC refactoring strategies for heterologous 

production of bioactive NPs for next-generation drug discovery. New designs for orthogonal 

transcriptional regulatory modules are discussed, which provide a wide variety of species-

selective toolkits for high-efficiency BGC promoter engineering. We further describe a panel 

of widely used BGC refactoring approaches for successful heterologous reconstitution of 

various NPs. Lastly, we highlight recent studies on genetic engineering strategies to generate 

powerful heterologous hosts for use in the isolation of new compounds as well as the 

overproduction of important pharmaceutically active NPs.

Next-generation transcriptional regulatory modules for gene expression 

control

For efficient BGC refactoring, a panel of orthogonal transcriptional regulatory elements 

including promoters, ribosomal binding sites (RBSs), terminators and protein degradation 

tags, is indispensable [25–28]. The synthetic biology toolboxes are regulatable and enable 

coordinated expression of refactored BGCs [27–29]. Considering that promoters are 

responsible for the first stage of gene expression, they are critical for activation and 

functional optimization of BGCs in heterologous hosts. Through systematic exchanges 

between native transcriptionally silent promoters and constitutive promoters, promoter 

engineering provides a universal strategy to disrupt native transcriptional regulation 

networks and subsequently activate silent BGCs. In the last two decades, a panel of native 

and synthetic promoter libraries has been constructed for efficient transcriptional control of 

NP biosynthetic pathways [26,27]. However, these well-characterized regulatory modules 

possess some limitations to be overcome, including low sequence divergence and narrow 

applications in only certain microorganisms. Here, we discuss a panel of new design 

concepts to generate next-generation regulatory elements for gene expression control across 

different genetic backgrounds and various growth conditions.
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Orthogonal regulatory elements by randomizing sequences in both 

promoter and RBS regions

Compared to native promoter libraries, synthetic promoter libraries can efficiently avoid host 

perturbation due to the removal of unessential DNA regions. However, almost all synthetic 

bacterial promoter libraries have been generated by randomization of the spacer between 

−10 and −35 regions, which decreases the degree of sequence divergence and possibly leads 

to homologous recombination of promoters in refactored BGCs [26]. Recently, Ji et al. 
presented a new design concept of synthetic promoter libraries in a model actinomycete, 

Streptomyces albus J1074 (Figure 1a) [30]. Based on a series of characterized constitutive 

promoters, the regulatory sequences including both promoter and RBS regions were 

completely randomized by only partially fixing −10/−35 regions and the Shine-Dalgarno 

(SD) sequence in the RBS region. Using a nonribosomal peptide synthetase (NRPS) that 

produces the blue pigment indigoidine as a reporter, a large pool of regulatory sequences 

with strong, medium or weak transcriptional activities was constructed by monitoring 

indigoidine production. Theoretically, these regulatory elements should be highly 

orthogonal, which can significantly facilitate multiplex promoter engineering of multiple 

operon-containing BGCs in actinomycetes. To demonstrate the utility of these synthetic 

regulatory cassettes in engineering BGCs, the actinorhodin (ACT) BGC from Streptomyces 
coelicolor was refactored by replacing the seven native promoters with the four strong 

regulatory cassettes. While the native ACT BGC was silent in minimal media, the 

engineered ACT BGC was successfully heterologously expressed in S. albus J1074 [30]. 

Furthermore, this completely randomized design mode of 5’ regulatory sequences could be 

applicable to the construction of synthetic promoter libraries in other model heterologous 

expression strains, such as Myxococcus xanthus DK1622 and Burkholderia sp. DSM7029 

[31,32].

Metagenomic mining of natural 5’ regulatory elements with universal host 

ranges

A large proportion of microbial bioactive NPs have arisen from examining the same limited 

number of bacterial taxa (e.g., actinomycetes, bacilli, cyanobacteria, myxobacteria and 

filamentous fungi). In recent years this has led to the frequent rediscovery of known NPs 

[1,2]. Therefore, focusing on untapped producers is an obvious advantage in finding new 

classes of antibiotics and other pharmaceutical compounds [4]. In recent years, new sources 

of NPs have been explored, including previously understudied soil bacteria as well as human 

and nematode microbiomes [4,33]. In this regard, it is critical to establish a panel of 

promoter libraries with universal host ranges for BGC refactoring in underexplored bacterial 

taxa. In 2018, Johns et al. mined 184 microbial genomes to expand the phylogenetic breadth 

of promoters, thus generating a diverse library of natural 5’ regulatory sequences from 

Actinobacteria, Archaea, Bacterioidetes, Cyanobacteria, Fimicutes, Proteobacteria and 

Spirochetes (Figure 1b) [34]. By assembling the putative 5’ regulatory regions into species-

specific vectors, both transcriptional and translational levels of large-scale regulatory 

elements were systematically quantified using GFP as a reporter across different bacterial 

species and growth conditions. A common subset of regulatory elements with varying 
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sequence composition and orthogonal host ranges, was identified [34]. This data set expands 

the repertoire of natural promoters, which represents a rich resource for tuning gene 

expression across a wide range of bacteria. Of note, these natural regulatory sequences were 

tested only in Escherichia coli, Bacillus subtilis and Pseudomonas aeruginosa; confirmation 

of their applicability to refactor BGCs in common NP-producing bacteria (e.g., 
streptomycetes and myxobacteria) is still required.

Engineered promoters with constant gene expression at any copy number

Gene expression levels are often affected by a variety of conditions, including growth 

conditions, growth phases and metabolic burden. Refactoring BGCs-of-interest using 

stabilized promoters is an obvious advantage when activating silent BGCs in diverse 

heterologous hosts. Using transcription-activator like effectors (TALEs)-based incoherent 

feedforward loop (iFFL), Segall-Shapiro et al. developed a series of engineered promoters 

with constant expression levels at any copy numbers in E. coli (Figure 1c) [35]. The 

robustness of these promoters was demonstrated by near-identical expression strengths in 

different plasmid backbones or genome locations. For example, the titers of 

deoxychromoviridans are nearly identical when transferring its BGC from a high-copy 

plasmid to the host genome. Interestingly, iFFL-stabilized promoters enable the design of 

metabolic pathways that are resistant to changes in genome mutations, growth conditions or 

other stressors [35].

Novel BGC refactoring strategies for activation of silent BGCs or yield 

optimization

For heterologous reconstitution of NP biosynthetic pathways, BGC cloning is the first 

challenging step due to large cluster size and repetitive regions. A wide variety of BGC 

cloning methods have been developed over the years, including cosmid/fosmid/BAC/FAC 

library-based methods, direct cloning methods and bottom-up assembly methods. Interested 

readers are referred to the recently published reviews [18,19,36]. Of note, it is estimated that 

about 90% of native BGCs are not expressed or are partially transcriptional under standard 

laboratory conditions [17]. Here, we therefore focus on new BGC refactoring strategies for 

activation of silent BGCs or pathway optimization (Figure 2).

Generally, BGC refactoring involves genetic manipulation of entire cloned BGCs and 

simultaneous modification when assembling target BGCs (Figure 2). Based on powerful 

yeast homologous recombination (YHR), a series of in vivo BGC editing methods for 

multiplexed promoter engineering have been developed with simultaneous replacement of 

up to eight promoters with high efficiency, including mCRISTAR (multiplexed CRISPR-

based Transformation-Associated Recombination (TAR)), miCRISTAR (multiplexed in vitro 
CRISPR-based TAR) and mpCRISTAR (multiple plasmid-based CRISPR-based TAR) 

[20,37–39]. For instance, miCRISTAR-mediated fast activation of a silent BGC led to the 

discovery of two antitumor sesterterpenes atolypene A and B [38]. Recently, Harvey et al. 
achieved assembly of up to 14 unique DNA fragments with high efficiency using YHR. 

Their yeast heterologous expression platform (HEx) has been successfully used to 

reconstruct 41 fungal BGCs from diverse fungal species, 22 of which produced detectable 
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compounds [27]. In another study, YHR-mediated reconstitution of a riboswitch-controlled 

pathway achieved a 120-fold increase in bottromycin production [40]. In contrast to YHR-

based strategies, a series of in vitro BGC assembly methods have been established to 

reconstruct target BGCs for diverse applications. For example, an innovative DNA assembly 

method, ExoCET (Exonuclease Combined with RecET recombination), was developed for 

refactoring large, multi-operon BGCs in E. coli [41,42]. The 79-kb spinosad BGC with 

seven artificial operons under the control of strong constitutive promoters achieved 328-fold 

enhanced spinosad production compared to the native BGC [40]. Finally, using long 

amplification PCR and HiFi DNA in vitro assembly, an emerging synthetic biology 

approach, DiPaC (Direct Pathway Cloning), has been established for fast BGC cloning and 

refactoring [43,44]. Removing predicted transcriptional terminators when assembling the 

cyanobacterial hapalosin BGC (23 kb) led to successful expression of the hapalosin BGC in 

E. coli [44]. These newly developed DNA refactoring methods provide a time- and cost-

efficient platform to discover bioactive NPs at an unprecedented scale from either 

metagenomes or cultured microorganisms. Particularly, when multiple promoters are 

required to refactor BGCs that have been cloned into a vector, a YHR-based strategy is often 

preferred due to its efficiency and accuracy compared to other BGC refactoring strategies 

[20, 38].

Genetic engineering strategies for the construction of powerful 

heterologous hosts

A good heterologous host must grow quickly, be genetically tractable and be able to supply 

all precursors and co-factors for biosynthesis of exogenous NPs [18]. In the last two 

decades, a series of excellent heterologous hosts, including Gram-positive bacteria, Gram-

negative bacteria and fungi, were developed for the discovery of novel NPs from diverse 

sources [18,45,46]. Of note, screening phylogenetically diverse strains may significantly 

enhance the success rate of BGC heterologous expression studies [45,47]. For instance, our 

group examined 38 diverse Streptomyces hosts for heterologous expression of 97 

environmental DNA (eDNA) cosmid clones containing minimal type II polyketide synthases 

(PKS), and successfully identified a new tricyclic polyene metatricycloene in Streptomyces 
albus, which exhibited the best innate ability for BGC heterologous expression [47]. In 

another study, Wang et al. developed chassis-independent recombinase-assisted genome 

engineering (CRAGE) for high-efficient integration of complex BGC constructs in 25 

diverse gamma-Proteobacteria species, thus activating six BGCs from Photorhabdus 
luminescens and generating 22 diverse compounds [48]. Interested readers are referred to the 

recently published reviews [18,45,46,49]. Here, we will focus on general genetic strategies 

for the optimization of heterologous expression strains, particularly Streptomyces spp. and 

S. cerevisiae, which can be extended to engineer other bacterial or fungal species.

Diverse Streptomyces spp. are widely used for heterologous expression of BGCs from 

actinobacteria or other bacteria with high-GC content genomes [46,50]. These surrogate 

hosts have been combinatorially optimized by a series of universal genetic strategies for 

enhanced production titers of specific NPs (Figure 3a). Deletion of non-essential BGCs can 

increase the supply of primary metabolic precursors and simultaneously simplify the host’s 
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secondary metabolome for downstream analysis [51,52]. Multi-copy amplification of target 

BGCs can be achieved by introducing multiple site-specific integration sites (i.e. phiC31 

attB sites) into the host genome in advance, thus resulting in increased productivity of a 

target compound [52–54]. Empirically identified mutations with positive effects on NP 

biosynthesis in rpoB and rpsL (encoding the β-subunits of RNA polymerase and ribosomal 

protein S12, respectively) are often introduced [55]. Reprogramming host regulatory 

networks by overexpressing positive global regulators and/or deleting negative global 

regulatory genes has also been leveraged [56]. Finally, introduction of efflux pumps, such as 

LmrA and MdfA, can reduce end-product toxicity and increase extraction yields of target 

NPs [56].

Filamentous fungi are regarded as rich sources for discovery of bioactive NPs [6]. S. 
cerevisiae exhibits many advantages for heterologous expression of BGCs from filamentous 

fungi due to its well-studied metabolism and extensive genetic toolbox [18,49]. Recently, a 

heterologous expression platform was developed for rapid and scalable expression of 

completely refactored fungal BGCs in S. cerevisiae [27]. The defects of well-characterized 

S. cerevisiae S288c-derived yeast strains were systematically optimized (Figure 3b). 

Mitochondrial stability and sporulation ability are first increased based on a series of 

specific genetic modifications. By deleting the vacuolar protease encoding genes, 

heterologous protein production is improved. Finally, a series of genes for essential 

posttranslational modification enzymes are integrated. Compared to common laboratory 

strains, the newly engineered S. cerevisiae strain with improved growth and expression 

phenotypes provides an improved heterologous expression strain for fungal NP discovery 

[27].

Concluding remarks and future perspectives

Microbial NPs play an instrumental role in the discovery of antibacterials, anticancer agents 

and agrochemicals [4,57]. With the continuing development of genomics and synthetic 

biotechnology, activation of silent BGCs in heterologous expression strains has been used 

extensively as a promising avenue to access bioactive NPs [18,19]. Expanding the spectrum 

of heterologous hosts and the host range of promoter elements will likely enable the more 

facile discovery of novel BGCs from underexplored species and metagenomic sequence 

datasets. The enabling technologies discussed in this review and future developments are 

very likely to facilitate the discovery of novel chemical scaffolds and perhaps eventually 

help to expand our repertoire of therapeutic agents.
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Figure 1. Next-generation transcriptional regulatory modules for gene expression control.
a) Completely randomized regulatory sequences in both promoter and RBS regions in S. 
albus. IdgS is a nonribosomal peptide synthetase (NRPS), which produces the blue pigment 

indigoidine; b) Metagenomic mining of natural 5’ regulatory elements from diverse bacteria; 

c) iFFL-stabilized promoters in E. coli. iFFL, incoherent FeedForward Loop. TALE, 

Transcription-Activator Like Effector.
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Figure 2. Refactoring biosynthetic gene clusters for novel NP discovery or yield optimization of 
clinically relevant drugs.
BGC, biosynthetic gene cluster; HR, homologous recombination; NP, natural product; LC-

MS, liquid chromatography-mass spectrometry.
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Figure 3. Genetic engineering strategies for optimized microbial strain construction to facilitate 
BGC heterologous expression.
a) General Streptomyces host modification strategies; b) S. cerevisiae host modifications 

with improved growth and expression phenotypes.
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