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Abstract: Actinobacteria are a large and diverse group of bacteria that are known to produce a wide range of secondary metabolites,
many of which have important biological activities, including antibiotics, anti-cancer agents, and immunosuppressants. The biosyn-
thesis of these compounds is often highly regulated with many natural products (NPs) being produced at very low levels in laboratory
settings. Environmental factors, such as small molecule elicitors, can induce the production of secondary metabolites. Specifically,
they can increase titers of known NPs as well as enabling discovery of novel NPs typically produced at undetectable levels. These
elicitors can be NPs, including antibiotics or hormones, or synthetic compounds. In recent years, there has been a growing interest in
the use of small molecule elicitors to induce the production of secondary metabolites from actinobacteria, especially for the discovery
of NPs from “silent” biosynthetic gene clusters. This review aims to highlight classes of molecules that induce secondary metabolite
production in actinobacteria and to describe the potential mechanisms of induction.

One-Sentence Summary: This review describes chemical elicitors of actinobacteria natural products described to date and the pro-
posed mechanisms of induction.
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Chemicals, including natural product antibiotics and hormones, are capable of inducing production of natural products in actinobac-
teria.

Introduction bioactivities remain to be discovered from Streptomyces (Dorog-
hazi & Metcalf, 2013; Doroghazi et al., 2014; Palazzolo et al., 2017,
Pye et al., 2017). Many of these NPs are not produced, or are pro-
duced at very low levels, when grown in the laboratory. This is
likely, at least in part, because the bacteria are not exposed to the
same chemical stimuli that they encounter in the soil (Romero
et al., 2011). Novel strategies to access these low-abundance NPs
are critical to maximizing the NP potential from Streptomyces and
identifying novel biological probes and leads for drug discovery.

Natural products (NPs) from the soil-dwelling bacteria Strepto-
myces are a bountiful source of medicines and agricultural prod-
ucts (Bérdy, 2012; Olanrewaju & Babalola, 2019; Newman & Cragg,
2020). Additionally, their unique mechanisms of action make
them excellent chemical tools for manipulating and studying bi-
ological processes (Carlson, 2010). Genomics data suggest that
hundreds of thousands of novel NPs likely to have interesting

Received: May 22, 2023. Accepted: August 14, 2023.

© The Author(s) 2023. Published by Oxford University Press on behalf of Society of Industrial Microbiology and Biotechnology. This is an Open Access article
distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way,
and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

€202 J9qWianoN €0 Uo Jasn (aAnoeul) Aisieaiun anpind Aq 06EEHZ2/610PEMY/L/0G/91o1LE/quil/woo"dno-ojwapese//:sdny woly papeojumoq


https://doi.org/10.1093/jimb/kuad019
https://orcid.org/0000-0002-3665-5522
mailto:eparkins@purdue.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com

2 | Journal of Industrial Microbiology and Biotechnology, 2023, Vol. 50, No. 1

(A)

OSMAC
@ i~
® @

AAO .5
ARO =
iio &

®) OH O

i’

N

0~ N0 Streptophenazine F
| Streptomyces sp. HB202

Co-Culture

Novel bioactive
natural product

O§-~NHHN~ "N

Chemical Elicitors

6860088

Chemical Elicitors

OOOOO00

Diverse Streptomyces

¥ P\

0

Novel bioactive natural products

H
N
\S

O

HN e
NHHN’l

induced by tetracycline NH
o o]
OH O OH, oH 0 d
LI, L
2
Tetarimycin B Surugamide | Clavorubin A

Microbispora sp. BCCAGES54
induced by streptomycin

Streptomyces albus J1074
induced by etoposide

Streptomyces clavuligerus
induced by actinomycin D

Fig. 1. (A) Cultivation methods utilized to induce production of NPs. OSMAC (one strain many compounds, left) focuses on changing media
composition to alter NP production. This can include changes in carbon or nitrogen sources, media type (i.e., liquid vs. solid media), as well as changes
to pH or temperature. Another method that has been employed is growing bacterial co-cultures (middle). Molecules produced by one of the bacteria
can act as chemical signals to elicit the production of NPs. Finally, small molecules can be used as chemical elicitors to activate production of NPs
(right). (B) A subset of actinobacteria NPs discovered via chemical elicitation along with the strains from which the molecules were isolated and the

chemical elicitors used.

Many strategies have been explored to activate silent NP
biosynthetic gene clusters (BGCs). These strategies can gener-
ally be split into genetic-based and cultivation-based approaches.
Genetic techniques for artificially activating BGCs include
engineering transcription and translation machinery, altering lev-
els of regulatory systems, refactoring the BGC or heterologous
expression (Abdelmohsen et al., 2015; Rutledge & Challis, 2015;
Zarins-Tutt et al., 2015; Liu et al., 2021; El-Hawary et al., 2023).
These methods have recently been reviewed elsewhere and will
not be discussed further here. While genetic approaches have
proven incredibly useful, many are limited due to the need for
knowledge a priori of the BGC that one wishes to target. Addi-
tionally, they can also be time-consuming and low-throughput
(Rutledge & Challis, 2015). Cultivation approaches, oftentimes
referred to as the one strain many compounds (OSMAC) ap-
proach (Bode et al., 2002), have also shown great success in the
activation of production of NPs. While the initial OSMAC ap-
proach focused on basic growth components such as media com-
position, pH, culture vessel, and growth temperature (Fig. 1A),
it has since been greatly expanded to include many other as-
pects, including co-cultivation with other microbes as well as
chemical elicitors (Rutledge & Challis, 2015). Streptomyces’ in-
teractions with other soil-dwelling organisms induce produc-
tion of NPs that are not produced in pure cultures (Watrous et

al., 2012; Derewacz et al., 2015; Hiroyasu Onaka, 2017). These
interactions are mediated by chemical signals that are often
poorly understood (Bibb, 2005; Abdelmohsen et al., 2015; An-
toraz et al., 2015). Herein, we describe the recent literature
exploring small molecule signals that activate production of silent
NPs (Fig. 1B and Supplementary Table S1). Specifically, we focus
on two main types of signals that have been demonstrated to in-
duce NPs in Actinobacteria: (1) Antibiotics/Stressors and (2) Hor-
mones/Autoinducers.

Antibiotic Induction

It has become increasingly clear that BGC activation is influenced
by the ecological conditions in which the NP has evolved (van
der Meij et al., 2017). Actinobacteria engage in chemical signal-
ing with other members of their community, resulting in alter-
ations in growth and metabolic production. The chemical signals,
including NP antibiotics, are believed to prompt the production of
NPs to combat threats (i.e., the chemical warfare model) (Traxler
& Kolter, 2015). However, it has also been noted that low concen-
trations of antibiotics have differing effects on a strain compared
to lethal concentrations (Davies et al., 2006; Imai et al., 2015).
This concept is known as hormesis and provides support for the
hypothesis that NP antibiotics may be involved in chemical sig-
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naling, in addition to the chemical warfare that has often been
proposed (Traxler & Kolter, 2015). As described in the following
sections, subinhibitory concentrations of antibiotics have been
demonstrated to elicit production of NPs. Interestingly, this ef-
fect has been with antibiotics that target a variety of cellular pro-
cesses, including Deoxyribonucleic acid (DNA) synthesis, protein
synthesis, and cell wall integrity. However, the specific NPs that are
elicited appear to differ depending on the type of antibiotic used.
Understanding the mechanisms by which differing antibiotics in-
duce NP production can provide insights into the regulation of mi-
crobial metabolism and offer new strategies for the discovery of
novel compounds with potential pharmaceutical applications.

Protein Synthesis Inhibitors

Historically, ribosome engineering (i.e., developing resistance to
antibiotics that target the ribosome) has been widely used to
potentiate production of NPs, with streptomycin resistance be-
ing most widely explored (Hesketh & Ochi, 1997; Hosaka et al,,
2006, 2009; Nishimura et al., 2007; Y. Tanaka et al., 2009; Shentu
etal., 2016). Similarly, resistance to the DNA-dependent RNA poly-
merase inhibitor rifampicin has also been found to induce NP
production (Hu et al., 2002; Lai et al., 2002). While these meth-
ods have been extremely useful for generating mutants with im-
proved titers, they do require generation of antibiotic resistant
mutants. This generation of antibiotic resistance is often time
consuming and requires screening of many colonies to identify
the mutant with the highest titers (Hesketh & Ochi, 1997; Hu et
al., 2002; Hosaka et al., 2009). These methods of induction have
been well reviewed elsewhere (Ochi & Hosaka, 2013; Okada &
Seyedsayamdost, 2017). Direct addition of protein synthesis in-
hibitors (rather than generation of resistance) has recently been
shown to also be an effective strategy for eliciting NPs, including
for the discovery of novel NPs (Fig. 2A). For example, in a study by
Hosaka and coworkers a variety of protein synthesis inhibitors, in-
cluding chloramphenicol, erythromycin, lincomycin, tetracycline,
streptomycin, gentamcin, thiostrepton, and tylosin were tested
for their abilities to induce NP production in Streptomyces coelicolor
A3(2) and Streptomyces lividans 66 (Imai et al., 2015). Lincomycin,
chloramphenicol, and tetracycline all greatly increased produc-
tion of actinorhodin in S. coelicolor. For S. lividans, a higher produc-
tion of actinorhodin and calcium dependent antibiotics (CDAs)
were observed only when grown in the presence of lincomycin.
Interestingly, this production was greatly enhanced when an rpoB-
mutant strains of S. lividans was exposed to lincomycin, suggest-
ing that a combination of ribosome engineering with addition of
ribosome inhibitors may lead to synergistic improvements in pro-
duction (Mukai et al., 2020).

Given the ability of lincomycin to induce NPs in S. coelicolor
and S. lividans, there is great interest in the mechanism of induc-
tion. Lincomycin inhibits protein synthesis by binding to the pep-
tidyl transferase center (Tenson et al., 2003), however, the exact
mechanism of NP induction remains under investigation (Fig. 2B).
In 2015, Hosaka and co-workers discovered that lincomyecin in-
creases transcript levels for genes responsible for production of
actinorhodins and CDAs, which provides strong evidence that the
induction is caused by more than simply a change in translation
(Imai et al., 2015). Interestingly, lincomycin also increases intra-
cellular levels of ATP as well as other NTPs, which could cause
global alteration of gene expression (Imai et al., 2015). The global
alteration of gene expression was corroborated in another study
by Hosaka and co-workers, where RNAseq analysis demonstrated
large changes in S. coelicolor gene expression profiles after treat-

Alwali and Parkinson | 3

ment with lincomycin (Ishizuka et al., 2018). They observed in-
creased production of the 23S rRNA methyltransferase gene and
the ribosome splitting factor HfIX gene, which are both involved
in resistance to ribosome targeting antibiotics. It is possible that
such mutations have a similar effect to the ribosome engineer-
ing discussed above. Additionally, increases in the cytoplasmic
stress sensing extra cytoplasmic function sigma factor SigR and
reduction in levels of the housekeeping sigma factor HrdB were
observed. Alternative sigma factors (i.e., extra-cytoplasmic func-
tion, ECF, sigma factors) are very abundant in Streptomyces, with
50 being encoded in the S. coelicolor genome (Hahn et al., 2003). It
is common for ECF sigma factors to regulate NP biosynthesis (Sun
et al,, 2017), and thus, it is possible that increased levels of SigR
are responsible for the induction of NP biosynthesis in S. coelicolor.
Others have previously observed that translation-inhibiting an-
tibiotics including hygromycin, chloramphenicol, erythromycin,
fusidic acid, streptomycin, and tetracycline result in increases in
SigR levels via WbIC signaling (Yoo et al., 2016). It is also possible
that WblC directly affects transcription of biosynthetic genes, but
studies on the direct targets of WblC have not confirmed this (Lee
et al,, 2020). Currently, how protein synthesis inhibitors activate
WhHIC is not fully understood, and further investigation of the re-
lationship between ribosomal stress, SigR, and WblC will aid our
understanding of the complexities of secondary metabolite regu-
lation.

Others have also explored the ability of ribosome inhibitors to
induce NPs in additional strains. In the marine Streptomyces sp.
HB202, production of new phenazines (streptophenazines A-H)
was induced by tetracycline (Mitova et al., 2008). Specifically, an
approximate three-fold increase in total phenazines was observed
with approximately ten-fold increases in streptophenazine A/B
and streptophenazine E/F. However, inhibition of another strep-
tophenazine was observed, suggesting that tetracycline does not
improve production of all phenazines in this strain and high-
lights the complexity of NP induction. Bachmann and co-workers
explored the effect of subinhibitory concentrations of ribosome
targeting antibiotic streptomycin on 405 actinobacteria isolated
from cave environments (Covington et al., 2018). Of those ex-
plored, generally between 1% and 3% of molecules observed were
present at ten-fold or higher abundance after streptomyecin treat-
ment. In particular, the polyketide tetarimycin B (Microbispora sp.
BCCAGE54) was induced over thirty-fold.

Ochi and coworkers found that chloramphenicol, ery-
thromycin, and tetracycline all induced production of the
nonribosomal peptide actinomycin D by Streptomyces antibioticus
KO-1164, an rpoB mutant strain, with even greater induction
observed in nutritionally poor media (Yukinori Tanaka et al.,
2017). Interestingly, lincomycin and streptomycin had no effect,
suggesting that the mechanism of induction might differ de-
pending on the ribosome inhibitor. A similar pattern of induction
was observed for the nonribosomal peptide calcium-dependent
antibiotics (CDAs, S. coelicolor) and piperidamycin (Streptomyces
mauvecolor). The authors found that the amino acid pool was
increased after exposure to ribosome inhibitors and proposed
the increase in the starting materials of nonribosomal peptides
is likely at least partly responsible for the induction that is
observed. The fact that production of the ribosomally synthe-
sized peptide thiostrepton (Streptomyces azureus) was inhibited
by chloramphenicol and lincomycin provides support for this
hypothesis. However, additional mechanisms (perhaps SigR acti-
vation) are needed to explain the transcription level changes that
were observed and the activation of other types of NPs such as
polyketides.

€202 J9qWianoN €0 Uo Jasn (aAnoeul) Aisieaiun anpind Aq 06EEHZ2/610PEMY/L/0G/91o1LE/quil/woo"dno-ojwapese//:sdny woly papeojumoq



4 | Journal of Industrial Microbiology and Biotechnology, 2023, Vol. 50, No. 1

OH
(A) }hCHN:[A:rOH
HO o7~ -OH

H3C 0, AOH
N ieu!
Tetracycline H,N H NH,

OH
; . . N
30S targeting antibiotic Z. o
blocks delivery of tRNA to A-site OH
Streptomycin
30S targeting antibiotic
interferes with interaction of the

recognition site (codon-anticodon)

SCH;

Lincomycin
508 targeting antibiotic
targets peptidyl transferase center,
specifically at the A-site

Erythromycin
50S targeting antibiotic
targets aminoacyl translocation,
prevents transfer of tRNA from A to P site

(B)
R ¢ Ribosome METABOLIC
Inhibitors PERTURBATION S\N4"
. ATP <
7 -
TRANSCRIPTIONAL . J\%V‘v@
REGULATION Stae ggf\,w
y R ATP
il i AN

& %
Increased W
Increased amino acids .
WbIC . ’

bgc1l  bgc2  bgce3

I—P
o

Increased Increased natural
SigR

product biosynthesis

Fig. 2. (A) Protein synthesis inhibitors that induce NP biosynthesis along with details of their mechanism of protein synthesis inhibition. (B) Potential
mechanisms for NP induction by protein synthesis inhibitors. Specifically, two major mechanisms are proposed. The first is induction via metabolic
perturbation. Ribosome inhibition has been shown to cause increases in both NTPs and amino acids, which could provide the necessary energy and
starting materials for NPs. A second potential mechanism is changes in transcriptional regulation. Ribosome inhibition results in increased levels of

the transcription factor WblC. While all of the targets of WbIC are not known, it is likely that it increases transcription of biosynthetic gene cluster, the

sigma factor SigR, or both, which would result in increased NP production.
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DNA Damaging Agents

Several DNA damaging agents have been found to induce produc-
tion of NPs (Fig. 3A and Supplementary Table S1). Utilizing their
initial GFP-based high-throughput screening approach (HIiTES),
Seyedsayamdost and co-workers discovered that etoposide in-
duces production of the cyclic peptides surugamides and the al-
bucyclones in Streptomyces albus J1074 (F. Xu et al., 2017). Etopo-
side is typically used as an anticancer agent due to its ability to
inhibit human topoisomerase II. However, it has also been shown
to inhibit bacterial topoisomerase II, specifically DNA gyrase, and
stabilize both single-stranded and double-stranded breaks (Chan
etal., 2015; Chatterji et al., 2001). These breaks result in activation
of the SOS-response, which is controlled by LexA and RecA. Prior
to DNA damage, LexA represses gene expression. Upon singled-
stranded DNA damage, RecA binds to sites of damage and serves
as a co-protease of LexA. Degradation of LexA results in its re-
lease from the DNA and ultimately transcription of downstream
genes (Save Our Soul (SOS) response genes, Fig. 3B). Seyedsayam-
dost and co-workers were able to demonstrate that etoposide does
activate the SOS response, suggesting that the SOS response may
be involved in activation of transcription of NP biosynthetic genes.

At least two additional studies provide support for the SOS-
response being involved in NP regulation. First, Burroughs and co-
workers developed a method to predict transcription factor bind-
ing sites (Igbal et al., 2012). In this work, they predicted that ActlI-
ORF4, the actinorhodin cluster activator protein found in S. coeli-
color, is under control of LexA. Unfortunately, they did not pro-
vide experimental evidence for this claim. Second, Schlimpert and
co-workers used a lexA deletion mutant of Streptomyces venezue-
lae to determine the genes under the control of the SOS response
(Stratton et al.,, 2022). Interestingly, they found that secondary
metabolism genes were among the SOS-regulon, in addition to the
expected DNA damage repair genes. They further validated these
genes by treating wild type S. venezuelae with the DNA damaging
agent mitomycin C and found similar patterns.

More recently, Seyedsayamdost and co-workers used HiTES in
combination with anticancer screening and found that treatment
of Streptomyces clavuligerus with the intercalator/topoisomerase II
inhibitor pyronaridine (Bailly, 2020) induced production of sev-
eral NPs (Han et al., 2022). Specifically, pyronaridine resulted
in increased production of the tunicamyecins. Interestingly, acti-
nomycin D, a GC-specific DNA intercalator that inhibits topoi-
somerase I, also resulted in induction of NPs. However, the
molecules that it induced are distinct from those discovered in
the pyronaridine treated cells. Specifically, actinomycin D treat-
ment resulted in production of the siderophore nocardamine, the
clavamates, and the novel tryptorubin-like NP clavorubin A. The
different induction profile between pyronaridine and actinomycin
D suggests different specific mechanisms of induction, not simply
an activation of the SOS-response. One possible explanation for
this was recently explored by Jakimowicz and colleagues (Szafran
etal,, 2019). They hypothesize that changes in supercoiling of the
DNA will impact global gene expression in Streptomyces strains
(Fig. 3C) (Szafran et al., 2019). To test this, they utilize novobiocin,
a topoisomerase II/DNA gyrase inhibitor that causes relaxation of
negatively supercoiled DNA. Upon treatment of S. coelicolor with
novobiocin and subsequent RNA-seq, they found that transcript
levels of 1.5% of orfs were affected. Several of the induced genes
were NP biosynthetic genes, including those responsible for pro-
duction of actinorhodin. Interestingly, some transcript levels in-
creased while others decreased. The authors proposed this may
relate to whether the promoters are more AT rich (induced) versus
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Fig. 3. (A) Deoxyribonucleic acid (DNA) synthesis inhibitors that induce
NP biosynthesis along with details of their mechanism of DNA synthesis
inhibition. (B) One proposed mechanism for induction by DNA synthesis
inhibitors is that biosynthetic gene clusters may be under the control of
the SOS response. Prior to treatment with a DNA damaging agent, the
LexA repressor binds to the SOS box, preventing transcription of
downstream genes. Upon DNA damage, RecA is recruited to the single
stranded DNA that is formed, mediating LexA self-cleavage and
ultimately transcription of downstream genes. Whether the transcribed
genes are the biosynthetic genes themselves or signals that then
activate biosynthetic gene transcription remains unclear. (C) A second
potential mechanism relates to the chromosome relaxation in the
promoter region. Inhibition of DNA gyrase/topoisomerase II (TOPOII)
results in reduced supercoiling of the DNA. This has been shown to
correlate with increased gene transcription in Streptomyces, especially for
genes with AT-rich promoters.
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GCrich (repressed). The authors also explored the effect of genetic
knockdown of topoisomerase I, which causes the buildup of nega-
tively supercoiled DNA. Downregulation of the topoisomerase I re-
sulted in induction of 264 genes that were not observed in the up-
regulation sample. Overall, this suggests that topoisomerase I and
II inhibitors likely induce transcription of differing biosynthetic
genes and that this may relate to the AT/GC content of the pro-
moters. This provides a potential explanation for the differences
observed in the case of pyronaridine and actinomycin D. However,
more work is necessary to confirm this hypothesis.

Fatty-Acid Synthesis Inhibitors

The primary example of fatty-acid synthesis inhibitors
that induce NPs are the antibiotic-remodeling compounds
(ARCs) discovered by Nodwell and colleagues in 2012 (Craney
et al., 2012). The ARCs were discovered in a screen focused on
molecules that could alter pigmentation in S. coelicolor (Craney et
al., 2012). They have a relatively wide scope, also inducing pro-
duction of desferrioxamine B in Streptomyces pristinaespiralis ATCC
25486, doxorubicin and baumycin in Streptomyces peucetius 27 952,
and an unknown metabolite in Kutzneria sp. 744. More recently,
Ochi and co-workers found that triclosan (a fatty-acid synthesis
inhibitor with close structural similarity to the ARCs) enhanced
production of the polyketide salinomycin in Streptomyces albus
KO-606 by 40% (Yukinori Tanaka et al., 2017).

The mechanism of the ARCs was originally proposed to be fatty
acid synthesis inhibition, thus increasing the free pool of acetyl-
CoA that could be utilized in polyketide biosynthesis (Craney
etal., 2012). However, further examination revealed thatitis likely
more complicated (Ahmed et al., 2013). ARC2 was found to have
little-to-no effect on absolute levels of fatty acids. Instead, it in-
creased levels of unsaturated fatty acids. ARC6, on the other hand,
elevated branched fatty acids while reducing levels of linear and
unsaturated fatty acids. This helps to explain the difference in NP
induction observed between ARC2 and ARC6. More recently, Nod-
well and co-workers delved deeper into the mechanism of ARC2
activation (Calvelo et al., 2021). To explore this, RNA-seq analysis
of S. coelicolor treated with ARC2 was performed. In addition to al-
tered transcription of genes involved in the biosynthesis of 16 NPs,
they also found that afsS and afsR were upregulated. These genes
encode for the pleiotropic regulator AfsS and its regulator AfsR.
AfsS is known to be involved in the regulation of both NP biosyn-
thetic genes as well as genes involved in the nutritional stress re-
sponse (Lian et al., 2008). Therefore, it is likely that ARC2 induction
of NPs is through activation of AfsS via a global stress response
(Fig. 4A-B) (Calvelo et al., 2021).

Disruptors of Cell Wall Integrity

Disruptors of cell wall integrity, including cell wall synthesis in-
hibitors and ionophores, have both been shown to induce pro-
duction of NPs. However, the mechanisms remain understudied.
In the same study that evaluated the effect of the ribosome in-
hibitor tetracycline on streptophenazine production, Imhoff and
co-workers also explored the ability of bacitracin to induce strep-
tophenazine production by Streptomyces sp. Strain HB202 (Mitova
et al., 2008). Bacitracin, a mixture of cyclic dodecapeptides from
Bacillus licheniformis, inhibits dephosphorylation of C55-isoprenyl
pyrophosphate, which is required for construction of peptidogly-
can (Stone & Strominger, 1971). Bacitracin has also been shown to
cause potassium efflux at high concentrations, but the relevance
to its antibiotic activity is unclear (Economou et al., 2013). Inter-
estingly, bacitracin’s stimulation of streptophenazine differs dra-

matically from the stimulation by tetracycline. Specifically, bac-
itracin greatly stimulated the production of streptophenazine H,
which was reduced upon exposure to tetracycline. Alternatively,
bacitracin reduced production of the other streptophenazines, in-
cluding streptophenazine A/B and streptophenazine E/F, which
were both highly induced by tetracycline. These differences sug-
gest that cell wall disruptors have differing mechanisms of induc-
tion compared to protein synthesis inhibitors. Unfortunately, little
else is known about how or why bacitracin may have these effects.

The majority of other cell wall disruptors that have been ex-
plored for NP induction are ionophores. Ueda and coworkers
found that the polyether promomycin induces antibiotic produc-
tion in several strains of Streptomyces (Amano et al., 2010, 2011).
This was discovered using a cross-feeding assay where two strains
were grown together and then screened for antibiotic activity
against Bacillus subtilus. Strain 574 was found to produce an an-
tibiotic when grown with strain 153. Further studies revealed that
an ethyl acetate extract of strain 153 was also able to stimulate
antibiotic production by strain 574, suggesting that this induction
was via chemical elicitation. Isolation of the inducing molecule
(named promomycin) revealed it to be highly structurally simi-
lar to the polyether ionophores, including salinomycin, monensin,
and nigericin. Interestingly, these polyether ionophores also in-
duced antibiotic induction in strain 574, suggesting that they may
all be inducing via their ionophore activity. It has been shown
that high salt conditions stimulate undecylprodigiosin production
and inhibit actinorhodin production in S. coelicolor, providing fur-
ther support that the ionophore activity may affect NP induction
(Sevcikova & Kormanec, 2004). Promomycin was also shown to
induce antibiotic production in three other strains, suggesting it
may be a general inducer (Amano et al., 2010). The authors sug-
gest that the potassium efflux may affect a currently unidentified
pleiotropic regulator (Fig. 4A and C) (Amano et al., 2010). Alterna-
tively, the osmotic stress that results from the potassium efflux
may cause changes in activity of two-component systems and/or
in utilization of alternative sigma factors (Bhowmick et al., 2023),
which could affect NP production.

Other Small Molecule Elicitors

In addition to antibiotics with known mechanisms, other less ex-
plored molecules with antibiotic activity have been found to in-
duce production of NPs. Below are described a few such examples
with a more extensive list provided in Supplementary Table S1.
Onaka and co-workers hypothesized that molecules produced by
actinobacteria are likely to induce production of NPs in other
actinobacteria (H Onaka et al., 2001). To test this, they screened
fermentation broths of 405 actinobacteria for their ability to in-
duce pigment production in S. lividans. An extract from Strepto-
myces sp. TP-A0584 was found to be active, and purification of
the inducing molecule revealed that it is a ribosomally synthe-
sized and post-translationally modified peptide (RiPP) which they
named goadsporin. Goadsporin was then tested for its ability
to affect sporulation and induce NPs in 42 Streptomyces strains.
Goadsporin caused sporulation in 32 of the strains and pigment
production in 20, suggesting that it is a general inducer of NPs.
Goadsporin was also found to have antibiotic activity against
Streptomyces but not other bacteria. Analysis of the BGC of goad-
sporin revealed a self-resistance gene godl, which is highly similar
to the signal recognition particle ffh (Hiroyasu Onaka et al., 2005).
The signal recognition particle is responsible for localizing pro-
teins to the membrane, suggesting that goadsporin may inhibit
translocation of proteins to the membranes in Streptomyces strains
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(Hiroyasu Onaka et al., 2005; Ongpipattanakul et al., 2022). How-
ever, it remains unclear how this results in induction of sporula-
tion and NPs.

Using HITES, Seyedsayamdost and colleagues have discovered
many other inducers of NPs in addition to the DNA damaging
agents described earlier. In their study of surugamide produc-
tion by S. albus, they found that ivermectin efficiently induced
production of several surugamides (F. Xu et al., 2017). Ivermectin
is a synthetic analogue of the avermectins, which are NPs pro-
duced by Streptomyces avermitilis (Burg et al., 1979). They both

are anthelmintic agents and act via opening of the invertebrate
glutamate-gated chloride channels and ultimately hyperpolariza-
tion (Batiha et al., 2020). Given bacteria do not have analogous
channels, it is likely that ivermectin is inducing through an alter-
native mechanism. Ivermectin has been shown to have antibiotic
activity, including activity against Mycobacteria tuberculosis (Lim et
al., 2013; Crump, 2017). Unfortunately, the mechanism of antibio-
sis, as well as the mechanism of NP induction, remain unknown.

MALDI-MS-guided HITES, which combines matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS)
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with high-throughput elicitor screening (HIiTES), revealed that
amygdalin elicits production of a novel non-ribosomal pep-
tide (cinnapeptin) from Streptomyces ghanaensis (C. Zhang &
Seyedsayamdost, 2020; Li et al., 2022). Amygdalin is a cyanogenic
glycoside naturally found in many seeds, including almonds,
apricots, and apples (Barakat et al., 2022). It has been explored for
a variety of applications, including as an antioxidant, prebiotic,
anti-fibrotic, and anticancer agent. More recently, it has also been
explored as an antibacterial (Mhawesh et al.,, 2018; Barakat et al,,
2022), but these studies are preliminary and give no potential
insight into mechanism.

Using bioactivity-HiTES, which combines bioactivity testing
with traditional HiTES, it was found that atenolol (33 uM) induced
production of NP antibiotics from Streptomyces hiroshimensis (Moon
et al,, 2019). Mass spectrometry analysis revealed that atenolol
induces multiple NPs. Activity-guided fractionation allowed for
identification of toxoflavin analogues which were named as the
taylorflavins. Atenolol is a clinically utilized g-blocker and has
no antibiotic activity against S. hiroshimensis. Recently, atenolol
has been shown to inhibit biofilm formation and quorum sens-
ing activity in Gram-negative bacteria, albeit at high concentra-
tions (~1.5 mM) (Cavalu et al,, 2022). The mechanism by which
atenolol induces Streptomyces NP biosynthesis remains unclear
(Moon et al., 2019).

Van Wezel and co-workers have taken a different approach,
specifically focusing on ecological context to find inducers of bac-
terial NPs (van der Meij et al., 2018; van Bergeijk et al., 2022).
Specifically, they explored endophytic actinobacteria from Ara-
bidopsis and their production of antibiotics when exposed to plant
hormones, including salicylic acid, indole acetic acid, and jas-
monicacid (van der Meij et al., 2018). They hypothesized that plant
hormones may act as “cry for help” signal, activating their mi-
crobiome to produce antibiotic molecules to protect them from a
pathogenic attack. Interestingly, the percentage of bacteria that
produced antibiotics approximately doubled when exposed to
plant hormones, with indole acetic acid showing the largest im-
pact. Additionally, many of the strains that showed activity with-
out hormones had increased activity with hormones, suggesting
that the titers of the antibiotic NP were likely increased. More re-
cently, van Wezel and colleagues explored the animal stress hor-
mone epinephrine for its ability to induce NPs in Streptomyces.(van
Bergeijk et al., 2022) They found that epinephrine can cause ei-
ther promotion or inhibition of antibiotic production, depending
on the strain of Streptomyces tested. Exposure of Streptomyces sp.
MBT42 to epinephrine resulted in increased production of an an-
tibiotic with activity against Bacillus subtilis. To further explore the
mechanism, they tested other catecholamines and found that cat-
echol containing molecules, including catechol, dopamine, lev-
odopa, and norepinephrine all had similar effects. They also found
that catechol induced production of aquayamycin, urdamyci-
none, and other structurally related angucyclines in Strepomyces
MBT84. However, other molecules, including epinephrine did not
have this effect. Catechols chelate iron, and it was hypothesized
that lower iron availability might, in part, be responsible for the
induction of NPs. However, iron addition did not affect changes in
bioactivity in Streptomyces MBT84, suggesting that there is a more
complex mechanism involved.

Hormones/Autoinducers
Gamma-Butyrolactone Type Hormones

Quorum sensing molecules have also been extensively stud-
ied for their ability to induce NPs. In actinobacteria, gamma-
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Fig. 5. (A) Hormones that induce NP biosynthesis along with the
repressors that they bind and the NPs they induce. (B) Mechanism for
GBL induction of NP biosynthesis. A TetR type repressor often binds
upstream of biosynthetic gene clusters, preventing their transcription.
As the bacterial community grows, hormones (aka quorum sensing
molecules) are produced at higher levels. Once they reach a threshold,
they bind to the repressor, causing it to change conformation and
release from the DNA. This allows for transcription of the biosynthetic
gene cluster and subsequent NP production.

butyrolactones (GBLs, e.g. A-factor, SCBs, and VB) (Khokhlov, 1980;
Yamada et al., 1987; Hashimoto et al., 1992; Creamer et al., 2021;
E. Takano et al., 2000; Eriko Takano et al., 2001; Hsiao et al., 2009;
Kudo et al., 2020; Wilbanks et al., 2023), gamma-butenolides (e.g.,
avenolide, SABs, and SRBs) (Kitanietal., 2011; Arakawa et al., 2012;
Nguyen et al., 2018; Wenxi Wang et al., 2018), and methyleno-
mycin furans (Corre et al., 2008; Zhou et al., 2021) are the most
well studied (Fig. 5A). These molecules serve as ligands for TetR
type repressors (also referred to as GBL receptors, GBLRs), re-
leasing the repressors from the DNA and allowing for the genes
downstream to be transcribed (Fig. 5B) (Cuthbertson & Nodwell,
2013). While many of these repressors are cluster-situated, many
others have also been found to modulate transcription of distal
BGCs, suggesting they have more pleiotropic effects. For example,
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A-factor is known to bind ArpA resulting in production of AdpA,
a regulator involved in transcription of multiple genes involved in
a variety of functions, including morphological development and
NP biosynthesis (Ohnishi et al., 2005).

While the mechanisms of many of these hormones have been
well studied and previously reviewed (Polkade et al., 2016; Daniel-
Ivad et al., 2018), surprisingly little has been done using GBLs to
chemically induce the production of NPs in wild-type Streptomyces
strains. This is likely because of the challenge of accessing the
GBLs combined with the need to determine the best timing for
addition (Hashimoto et al.,, 1992; Yang et al., 1995). One of the few
examples utilized chemically synthesized VB-C to induce produc-
tion of virginiamycins M and S (Yang et al., 1995). Addition of VB-
C (23 nM) to S. virginiae at 8 hr resulted in a two-fold increase in
production of virginiamycin M and a four-fold increase in virgini-
amycin S as well as earlier production (Yang et al., 1995). Inter-
estingly, addition of VB-C at the start of culture completely inhib-
ited production of the virginiamycin, suggesting the importance of
timing of addition. Further studies into timing of hormone addi-
tion are needed to understand this effect. Others have attempted
to use the unsubstituted 1,4-butyrolactone since it is commer-
cially available (Tan et al., 2013; Tan et al., 2013). However, very
high concentrations had to be used (10 mM) and only modest in-
creases in titers were observed (~30%). More recently, introduction
of the genes that produce SCBs into S. albus 1074 resulted in in-
creased production of paulomycin, suggesting that addition of ex-
ternal SCBs should also increase production. However, addition of
racemic SCB2 did not result in similar improvements in titers. The
reasons for this might be the utilization of racemic compound, the
timing or concentration of addition, or that other SCB molecules
with differing side chains are responsible for the activity observed
(Y. Zhang et al., 2020).

Pseudo-GBLRs

In addition to the hormone binding GBLRs, many pseudo-GBLRs
have been discovered. Based on their phylogenetic differences
from GBLRs, these were hypothesized to bind antibiotics and/or
NP intermediates rather than the GBL-type hormones (Cuth-
bertson & Nodwell, 2013). While many pseudo-GBLRs have
been proposed based on sequence similarity (Cuthbertson &
Nodwell, 2013; G. Xu & Yang, 2019), only a handful have been ex-
perimentally validated with even fewer having identified ligands.
The two best studied examples are ScbR2 from S. coelicolor, which
controls the production of coelimycin, and JadR2 from S. venezue-
lae, which controls production of jadomycin. Both ScbR2 and JadR2
have been shown to bind NPs produced by their native organism
(actinorhodin and undecylprodigiosin for ScbR2 and jadomycin
and chloramphenicol for JadR2). These activities require relatively
high concentrations of molecule (between 100 and 750 uM) (G. Xu
et al,, 2010), causing slight speculation about the biological rele-
vance of these results. In the case of ScbR2, it has also been shown
to respond to jadomycin at much lower concentrations (1-5 uM)
(Weishan Wang et al., 2014), suggesting potential crosstalk with
S. venezuelae. One important thing to note about these studies is
that they were all electrophoretic mobility shift assays (EMSAs)
demonstrating the ability of these ligands to promote release of
the repressors from the DNA. While this is highly suggestive that
addition of these molecules to culture will increase production of
NPs, to the best of our knowledge, this has not been experimen-
tally validated.

AvaR2is a pseudo-GBLR found in S. avermitilis, and it negatively
regulates production of the anthelmintic avermectin (Zhu et al,,
2016). Electrophoretic mobility shift assays revealed that exoge-
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nous jadomyecin B as well as aminoglycosides such as apramycin,
hygromycin B, kanamycin, and streptomycin were are able to dis-
rupt its binding to DNA at 1 mM. A Lux reporter system was then
used to determine the relevance of the activity in vivo. Jadomycin
B, hygromycin B, and apramycin all showed significant induction
of bioluminescence at more biologically relevant concentrations
(12.5-50 pg/mlL), suggesting that these may actually serve as lig-
ands for AvaR2. Exposure of S. avermitilis to 10 pM jadomycin re-
sulted in increases in GBL-associated genes, providing strong ev-
idence for its relevance for activation of NP biosynthesis. More
recently, Aparicio and co-workers discovered the pseudo-GBLR
SfbR2 in Streptomyces filipinensis (Barreales et al., 2020). SfbR2 was
found to inhibit production of the antifungal NP filipin. Screen-
ing of a variety of NPs revealed that antimycin was capable of re-
leasing SfbR2 from the DNA in an EMSA assay, albeit at 5 mM.
Interestingly, when S. filipinensis was exposed to much lower con-
centrations of antimycin (10-50 uM), three-to-eight-fold increases
in transcription of GBL-associated genes were observed. The re-
sponse to these more biologically relevant concentrations sug-
gests that exogenous antimycin might be, at least in part, respon-
sible for controlling filipin production.

Diketopiperazines

While the GBL hormones remain the best studied, several other
classes of Actinobacteria hormones exist (Daniel-Ivad et al., 2018).
One of particular interest are the diketopiperazines (DKPs). Dike-
topiperazines have been shown to be signals for many different
microorganisms, including Gram-negative bacteria such as Pseu-
domonas aeruginosa (Holden et al., 1999; Daniel-Ivad et al., 2018).
More recently, the DKP N-methylphenylalanyl-dehydrobutyrine
diketopiperazine (MDD) has been shown to modulate production
of landomycin E in the MDD producing strain S. globisporus as
well as the production of streptomycin from Streptomyces griseus,
a strain that does not naturally produce MDD (Matselyukh et al.,
2014). While the mechanism by which this occurs is currently un-
known, DKPs from Gram-negative bacteria have been shown to
interrupt their acyl-homoserine lactone signaling (Holden et al,,
1999). It is possible that DKPs compete with GBL binding to GBLRs,
given the structural similarity of GBLs to the acyl-homoserine
lactones. However, this remains to be explored. Additionally, the
widespread nature of DKPs in Streptomyces strains (Gondry et al.,
2018) suggests that this could be a general mechanism of NP in-
duction. Further investigations into the mechanism as well as the
ability of other DKPs to induce NPs are needed to confirm this.

Conclusions and Perspectives

Natural products from actinobacteria have played a significant
role in industrial and medical fields (Bérdy, 2012; Olanrewaju &
Babalola, 2019; Newman & Cragg, 2020). In particular, the soil
dwelling bacteria Streptomyces has played a pivotal role in the
production of antibiotics. Genomics data suggest that a plethora
of the novel NPs likely have interesting bioactivities remain
to be discovered from Streptomyces (Doroghazi & Metcalf, 2013;
Doroghazi et al., 2014; Palazzolo et al., 2017; Pye et al., 2017).
Many of these NP BGCs are considered to be silent because their
associated NPs are undetectable in laboratory grown cultures.
The poor production of these NPs is likely due to low transcrip-
tion/translation of their BGCs when grown under standard labo-
ratory conditions. It is hypothesized that this is due, at least in
part, to the lack of chemical stimuli that they would encounter in
their native environments (van der Meij et al., 2017). To enhance
the production of known antibiotics and to elicit the induction
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of silent BGCs, numerous strategies have been employed. In re-
cent years, the use of small molecule elicitors has gained traction
as an effective way to access both known and novel NPs. In this
review, we describe the elicitors that have successfully induced
BGCs and their potential mechanisms of induction. Interestingly,
many of the elicitors are antibiotics, with different classes of an-
tibiotics resulting in induction of unique groups of NPs. This im-
plies distinct mechanisms of induction for different antibiotics.
Unfortunately, many of the mechanisms are poorly understood
making predictions of elicitors difficult. Better understanding of
the mechanisms of induction will enable more targeted applica-
tion of small molecule elicitors. In addition to the need to under-
stand the mechanisms, there is also a great need to better under-
stand the timing of addition. While the addition of elicitors to cul-
ture is oftentimes easier than co-culture or genetic manipulation,
it does require extensive evaluation for the best concentration and
timing of addition. This is particularly clear with hormones, which
if added at the wrong time or concentration can have inhibitory ef-
fects on NPs rather than the desired stimulatory effects. Overall,
the continued exploration of elicitors combined with the evolu-
tion of bioinformatics and genetics have great potential to enable
the community to unravel the intricacies involved in the regula-
tion of secondary metabolites and ultimately allow for a new era
in NP discovery.
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