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Abstract 

Microbial bioactive metabolites represent a cornerstone of modern pharmaceuticals, agrochemicals, and 

industrial biotechnology. These secondary metabolites, including antibiotics, anticancer agents, 

immunosuppressants, and enzyme inhibitors, have historically been sourced from actinomycetes, fungi, 

and other microorganisms. However, native titers are often insufficient for commercial viability. This 

review examines integrated biotechnological strategies developed between 2000 and 2016 to enhance 

microbial production of these valuable compounds. Key approaches include metabolic engineering of 

precursor pathways, pathway-specific and global regulatory manipulation, heterologous expression of 

biosynthetic gene clusters, solid-state fermentation optimization, co-cultivation techniques, and classical 

strain improvement combined with genomic tools. Emphasis is placed on actinomycetes and filamentous 

fungi as primary producers. Integration of these methods has enabled substantial yield improvements and 

access to novel chemical diversity. Challenges related to genetic complexity, regulatory networks, and 

scale-up are discussed, along with future perspectives for systems and synthetic biology applications. 
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1. Introduction 

Microorganisms have long been recognized as prolific sources of structurally diverse and biologically 

active secondary metabolites. These compounds, which include antibiotics, antifungals, anticancer agents, 

immunosuppressants, and various enzyme inhibitors, play critical roles in medicine, agriculture, and 

industry [1]. Actinomycetes, particularly members of the genus Streptomyces, account for a large 

proportion of known microbial natural products, while filamentous fungi and other bacteria also contribute 

significantly [2]. Despite their importance, the commercial production of many bioactive metabolites is 

limited by low native titers, complex regulation of biosynthetic pathways, and challenges in cultivation 

of the producing organisms. 

During the period from 2000 to 2016, substantial progress was made in developing integrated 

biotechnological approaches to overcome these limitations. Traditional methods such as medium 

optimization and classical mutagenesis were increasingly combined with recombinant DNA technology, 

metabolic engineering, and process innovations including solid-state fermentation (SSF) [3,4]. The 

availability of complete genome sequences, beginning with Streptomyces coelicolor, provided 

unprecedented insights into the genetic potential for secondary metabolite production and facilitated 

rational engineering strategies [5]. This review synthesizes the major integrated approaches employed 
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during this timeframe to enhance microbial production of bioactive metabolites, focusing on strategies 

that combine genetic, physiological, and bioprocess interventions. 

2. Metabolic Engineering of Biosynthetic Pathways 

Metabolic engineering emerged as a powerful tool for improving secondary metabolite yields by 

redirecting precursor fluxes, removing bottlenecks, and deregulating biosynthetic pathways. In 

actinomycetes, efforts focused on enhancing the supply of key building blocks such as malonyl-CoA, 

methylmalonyl-CoA, and amino acid-derived precursors [6]. Overexpression of genes encoding rate-

limiting enzymes and inactivation of competing pathways frequently resulted in significant titer increases. 

2.1 Precursor Engineering and Flux Redistribution 

One of the most effective strategies involved increasing the intracellular availability of biosynthetic 

precursors. For polyketide antibiotics, engineering of the methylmalonyl-CoA pathway or enhancement 

of acetyl-CoA carboxylase activity improved yields of compounds such as erythromycin and rapamycin 

analogs [6]. Similar approaches were applied to non-ribosomal peptide synthetase (NRPS) products by 

manipulating amino acid biosynthetic routes. Heterologous expression of precursor pathway genes from 

different organisms further expanded the metabolic capabilities of industrial strains [7]. 

2.2 Pathway-Specific and Global Regulatory Engineering 

Secondary metabolite biosynthesis is tightly controlled by pathway-specific regulators (often SARP-

family proteins in Streptomyces) and higher-level global regulators that respond to nutrient status and 

physiological signals. Overexpression of positive pathway-specific regulators or deletion of repressors 

consistently elevated production of target metabolites [6,8]. Manipulation of global regulators such as 

those involved in the stringent response or nitrogen metabolism provided broader improvements across 

multiple pathways. These regulatory interventions were frequently combined with precursor engineering 

to achieve synergistic effects [9]. 

3. Heterologous Expression of Biosynthetic Gene Clusters 

Many prolific producers of bioactive metabolites are difficult to cultivate or genetically intractable. 

Heterologous expression of entire biosynthetic gene clusters (BGCs) in well-characterized hosts such as 

Streptomyces coelicolor, S. lividans, or engineered Escherichia coli and yeast strains offered a solution 

[10]. This approach not only enabled production of compounds from unculturable or slow-growing 

organisms but also facilitated combinatorial biosynthesis and pathway refactoring. Successful examples 

included expression of clusters for polyketides, non-ribosomal peptides, and hybrid molecules, often 

accompanied by host engineering to improve precursor supply and reduce competing metabolism [6,11]. 

Advances in vector systems capable of stably maintaining large DNA inserts and integrating them site-

specifically into host chromosomes accelerated this field [12]. Environmental DNA libraries and 

metagenomic approaches further expanded the accessible chemical diversity by capturing BGCs from 

uncultured microorganisms [13]. 

4. Solid-State Fermentation as a Production Platform 

Solid-state fermentation (SSF), in which microorganisms grow on solid substrates with limited free water, 

emerged as a promising alternative or complement to conventional submerged fermentation (SmF) for 

secondary metabolite production [3,14]. SSF often mimics the natural habitat of filamentous fungi and 
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actinomycetes, leading to higher titers, improved product stability, reduced energy requirements, and 

simplified downstream processing for certain metabolites. 

Numerous studies demonstrated that antibiotics, pigments, and other bioactive compounds could be 

produced more efficiently under SSF conditions than in liquid culture [14]. Optimization of substrate 

composition (often agro-industrial residues), moisture content, temperature, aeration, and inoculum size 

was critical. Strain improvement through classical mutagenesis or genetic engineering further enhanced 

performance in SSF systems. Although scale-up challenges related to heat and mass transfer persisted, 

advances in bioreactor design improved the industrial feasibility of SSF during this period [15]. 

5. Co-cultivation and Physiological Optimization Strategies 

Co-cultivation of two or more microbial species was recognized as a means to activate silent or cryptic 

biosynthetic pathways through interspecies interactions [16]. Physical contact or diffusible signals 

between organisms could induce production of novel metabolites not observed in monoculture. This 

approach was particularly valuable for marine microorganisms and endophytic fungi [17]. 

In parallel, systematic optimization of culture conditions—including medium composition, pH, 

temperature, oxygen transfer, and elicitors—remained foundational. Integration of statistical experimental 

designs (e.g., response surface methodology) with genetic engineering allowed rapid identification of 

synergistic combinations of genetic and environmental factors that maximized titers [18]. Marine 

microorganisms received special attention because of their unique metabolic capabilities and the 

challenges associated with their cultivation [17,19]. 

6. Integration of Classical Mutagenesis with Genomic Tools 

Classical strain improvement through random mutagenesis and screening continued to deliver high-

producing industrial strains. However, the combination of these empirical methods with genome 

sequencing, transcriptomics, and targeted genetic manipulation accelerated progress [6,20]. Genome 

shuffling, which combines recursive protoplast fusion with high-throughput screening, proved effective 

for complex phenotypes involving multiple genetic loci [9]. Comparative genomic analysis of high- and 

low-producing strains identified beneficial mutations that could be rationally introduced into other 

backgrounds. 

Molecular methods for rapid dereplication of isolates and detection of uncommon actinomycete genera in 

environmental samples improved the efficiency of discovering novel producers [12]. These tools helped 

avoid rediscovery of known compounds and focused screening efforts on chemically underexplored 

taxonomic groups. 

7. Challenges and Limitations 

Despite notable successes, several challenges persisted. Many BGCs remain silent under laboratory 

conditions, and the regulatory networks governing secondary metabolism are complex and incompletely 

understood [8]. Genetic manipulation of industrial actinomycetes and fungi can be time-consuming due 

to slow growth, limited transformation efficiency, and genetic instability. Heterologous expression 

frequently suffers from poor expression of native promoters, missing precursors, or toxicity of the product 

to the host [10,11]. Scale-up of both SmF and SSF processes requires careful attention to oxygen transfer, 

shear stress, and product recovery economics. 
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Dereplication of known compounds continued to consume significant resources in discovery programs. 

Although analytical techniques improved, the chemical space of microbial metabolites is vast, and reliable 

prediction of bioactivity from structure or genome sequence remained limited during the 2000–2016 

period [2,13]. 

8. Conclusions and Future Perspectives 

Integrated biotechnological approaches developed between 2000 and 2016 substantially advanced the 

microbial production of bioactive metabolites. Metabolic engineering of precursor supply and regulatory 

networks, heterologous expression of BGCs, optimization of solid-state and submerged fermentation 

processes, co-cultivation strategies, and the fusion of classical strain improvement with genomic tools 

collectively enabled higher titers, access to novel compounds, and more sustainable production routes. 

Actinomycetes and filamentous fungi remained the primary workhorses, supported by expanding 

molecular toolkits and process innovations. 

Looking beyond 2016, further progress was anticipated from systems biology approaches that integrate 

multi-omics data, synthetic biology tools for rapid pathway refactoring, and improved chassis organisms 

optimized for secondary metabolism. Continued exploration of marine and extreme environments, 

combined with advanced cultivation and analytical methods, promised to unlock additional chemical 

diversity. The integration of these emerging technologies with the foundational strategies reviewed here 

was expected to sustain the role of microbial bioactive metabolites in addressing unmet needs in medicine 

and industry. 
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