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Abstract: Whole genome sequencing of actinomycetes has uncovered a new immense realm
of microbial chemistry and biology. Most biosynthetic gene clusters present in genomes were
found to remain “silent” under standard cultivation conditions. Some small molecules—chemical
elicitors—can be used to induce the biosynthesis of antibiotics in actinobacteria and to expand the
chemical diversity of secondary metabolites. Here, we outline a brief account of the basic principles
of the search for regulators of this type and their application.
Keywords: actinomycetes; antibiotic biosynthesis; silent biosynthetic pathways; γ-butyrolactones;
HiTES; translation inhibitors

1. Introduction
Since the discovery of streptomycin by Selman A. Waksman, actinomycetes have become one
of the most fruitful sources of new antibiotics. Most antibiotic classes in current clinical use were
discovered during the “golden era”, 1940–1960s, by phenotypic screening of soil microorganisms.
Moreover, since the 1960s, a significant number of approved drugs has been designed using chemical
modifications of natural scaffolds. Due to an “innovation gap” in this area, society is now facing an
emerging threat of microbial drug resistance. An urgent need for new effective antimicrobials has
become an important social and political issue [1,2].
On the other hand, achievements in genome sequencing of actinomycetes has revealed a difference
between their potential and observed biosynthetic gene expression. Biosynthetic gene clusters (BGCs)
are several generally contiguous genes encoding enzymes responsible for a stepwise assembly of
complex bioactive molecules. According to data from the majority of published genomes, most BGCs
remain “silent” under standard cultivation conditions. These silent, or cryptic, BGCs represent a
potential source of new scaffolds for the discovery of novel antimicrobials [3–5]. Several techniques for
activation of silent BGCs have been developed in recent decades, e.g., direct identification of BGCs and
their expression in heterologous hosts [6–10], and systematic alteration of cultivation parameters (the
“one strain—many compounds” (OSMAC) approach) [11–13]. These strategies are extremely powerful
although still remaining laborious and resource-intensive, especially for large (>40 kb) BGCs. Further
techniques comprise co-cultivation [14,15], ribosome engineering [16–18], and the use of chemical
elicitors—compounds that induce the synthesis of antibiotics in actinomycetes [14,19–21]. The last
approach is accounted and discussed succinctly in this review, covering literature up to December 2017.
Here, we focus on small organic molecules capable in nanomolar to micromolar minimum effective
concentrations to induce biosynthesis of secondary metabolite in actinomycetes.
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A‐factor acts as a pleiotropic regulator: it binds to the A‐factor receptor protein (ArpA) and
A-factor acts as a pleiotropic regulator: it binds to the A-factor receptor protein (ArpA) and causes
causes dissociation of this suppressor from DNA. This triggers the transcription of the adpA gene
dissociation of this suppressor from DNA. This triggers the transcription of the adpA gene encoding the
encoding the transcription activator AdpA, which in turn induces morphological differentiation,
transcription activator AdpA, which in turn induces morphological differentiation, spore formation,
spore formation, and biosynthesis of secondary metabolites [23,24].
and biosynthesis of secondary metabolites [23,24].
In further decades, many other closely related autoregulators were discovered, e.g., Streptomyces
In further decades, many other closely related autoregulators were discovered, e.g., Streptomyces
virginiae butanolides (VBs A‐E, 2a–e) [25–27], Factor I (2f) [28], Factors II and III (3a,b) [29], Gräfe’s
virginiae butanolides (VBs A-E, 2a–e) [25–27], Factor I (2f) [28], Factors II and III (3a,b) [29], Gräfe’s
factors (4a–c) from S. bikiniensis and S. cyaneofuscatus [30], IM‐2 (5a) [31,32], SCB1 (5b) [33,34], SCB2,3
factors (4a–c) from S. bikiniensis and S. cyaneofuscatus [30], IM-2 (5a) [31,32], SCB1 (5b) [33,34],
(5c,d) [35] and SCB4–8 (5e–i) [36], methylenomycin furans (MMFs, 6) [37], avenolide (7a) from S.
SCB2,3 (5c,d) [35] and SCB4–8 (5e–i) [36], methylenomycin furans (MMFs, 6) [37], avenolide (7a)
avermitilis [38], related compounds (7b–e) from S. albus [39], and two S. rochei butenolides (SRBs, 8a,b)
from S. avermitilis [38], related compounds (7b–e) from S. albus [39], and two S. rochei butenolides
[40]. The stereoconfiguration of avenolide analogues 7b–e reported very recently has not been
(SRBs, 8a,b) [40]. The stereoconfiguration of avenolide analogues 7b–e reported very recently has
assigned [39]. All these compounds have a high degree of similarity in their chemical nature
not been assigned [39]. All these compounds have a high degree of similarity in their chemical
(butanolides, butenolides, or furans), biosynthesis pathways, and in mechanisms of action on
actinomycetes. The transduction of the chemical signal starts from binding with a specific receptor
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Lincomycin (17) at one tenth of its MIC increased the expression of the pathway‐specific
Lincomycin (17) at one tenth of its MIC increased the expression of the pathway-specific
regulatory gene actII‐ORF4 in the enzyme gene cluster producing the blue‐pigmented antibiotic
regulatory gene actII-ORF4 in the enzyme gene cluster producing the blue-pigmented antibiotic
actinorhodin (18) in S. lividans, thus resulting in actinorhodin overproduction [58]. Chloramphenicol
actinorhodin (18) in S. lividans, thus resulting in actinorhodin overproduction [58]. Chloramphenicol
activated biosynthetic genes at the transcriptional level and increased the amino acid pool 1.5‐ to 6‐
activated biosynthetic genes at the transcriptional level and increased the amino acid pool 1.5- to
fold, enhancing the production of non‐ribosomal peptide antibiotics [59]. Other ribosome‐targeted
6-fold, enhancing the production of non-ribosomal peptide antibiotics [59]. Other ribosome-targeted
antibiotics, especially thiosteptone and spectinomycin, at sub‐inhibitory concentrations were also
antibiotics, especially thiosteptone and spectinomycin, at sub-inhibitory concentrations were also
capable of altering colony morphology and antibiotics (13 and 18) production in S. coelicolor M145
capable of altering colony morphology and antibiotics (13 and 18) production in S. coelicolor M145 [60].
[60].
The HiTES (High-Throughput Elicitor Screening) approach [61–63] was developed to discover
The HiTES (High‐Throughput Elicitor Screening) approach [61–63] was developed to discover
small molecule elicitors of silent biosynthetic gene clusters and novel secondary metabolites using a
small molecule elicitors of silent biosynthetic gene clusters and novel secondary metabolites using a
simple fluorescent assay format. Three copies of eGFP (enhanced green fluorescent protein encoding
simple fluorescent assay format. Three copies of eGFP (enhanced green fluorescent protein encoding
gene) inserted in the S. albus J1074 genome both at a neutral site (attB) and inside the biosynthetic
gene) inserted in the S. albus J1074 genome both at a neutral site (attB) and inside the biosynthetic
cluster of interest (sur, surugamide BGC). The difference in fluorescence between attB::Psur‐eGFPx3
(the Psur promoter region (~260 bp) upstream of surE) and surE::eGFPx3 strains after testing
compound treatment was used as an indicator of BGC’s activation. Screening of a commercially‐
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and elicitor-containing media was studied using a metabolomics approach. More than 100 induced
secondary metabolites were detected, including rare antibiotics [67]. Several identified structures
are represented in Chart 6: oxohygrolidin (30), germicidins A–E (31a–e) 9-methylstreptimidone (32),
nactins (33, 34, 35), desferrioxamines B,E (36, 37), and arylomycin A4 (38).
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Despite the significant difference in structural DNA organization between eukaryotes
and actinomycetes, inhibitors of histone deacetylase (HDAC) like valproic acid (39) and
suberanilohydroxamic acid (SAHA, 40) (Chart 7) showed effect on antibiotic production by several
Streptomyces strains, especially on nutrient-poor media. The finding was explained by the homology
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5. Conclusions
5. Conclusions
Activation of antibiotics’ biosynthesis in actinomycetes by using small‐molecule elicitors seems
Activation of antibiotics’ biosynthesis in actinomycetes by using small-molecule elicitors seems to
to be a useful technique for drug discovery. The approach allows identification of new metabolite
be a useful technique for drug discovery. The approach allows identification of new metabolite scaffolds
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biotechnology for increasing antibiotic yields and reducing fermentation time.
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