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Abstract

Most biosynthetic gene clusters (BGCs) of Actinobacteria are either silent or expressed less than the detectable level. The
non-genetic approaches including biological interactions, chemical agents, and physical stresses that can be used to awaken
silenced pathways are compared in this paper. These non-genetic induction strategies often need screening approaches,
including one strain many compounds (OSMAC), reporter-guided mutant selection, and high throughput elicitor screening
(HiTES) have been developed. Different types of genetic manipulations applied in the induction of cryptic BGCs of Act-
inobacteria can be categorized as genome-wide pleiotropic and targeted approaches like manipulation of global regulatory
systems, modulation of regulatory genes, ribosome and engineering of RNA polymerase or phosphopantheteine transferases.
Targeted approaches including genome editing by CRISPR, mutation in transcription factors and modification of BGCs
promoters, inactivation of the highly expressed biosynthetic pathways, deleting the suppressors or awakening the activators,
heterologous expression, or refactoring of gene clusters can be applied for activation of pathways which are predicted to
synthesize new bioactive structures in genome mining studies of Acinobacteria. In this review, the challenges and advantages
of employing these approaches in induction of Actinobacteria BGCs are discussed. Further, novel natural products needed
as drug for pharmaceutical industry or as biofertilizers in agricultural industry can be discovered even from known species
of Actinobactera by the innovative approaches of metabolite biosynthesis elicitation.
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Introduction

The identification of 589 new compounds in only a five
year span, shows that Actinobacteria still keep their rank
in potential in production of bioactive compounds (Jose
et al. 2021). Until the early 20th century, it was assumed
that almost all metabolites had been identified and about
70% of these biologically active metabolites obtained to date
belong to the genus Streptomyces (Singh et al. 2021). While
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the development of high-throughput omics methods pro-
vides the possibility of genome mining due to the fact that
most of the secondary metabolites are still not discovered.
The BGCs repositories such as MIBiG, NaPDoS, and IMG-
ABC, provide suitable information to connect biosynthetics
genes to their final chemical products, and predict which
compounds have cryptic pathway and have not yet been dis-
covered (Ziemert et al. 2012; Palaniappan et al. 2020; Ter-
louw et al. 2022). The improvement of genome mining tools
for BGCs identification revealed that approximately 23,000
identified metabolites account for only about 3% of all syn-
thetic metabolites leaving the major fraction of biosynthetic
genes still to be discovered (Scherlach and Hertweck 2021).
The discovery of new bioactive compounds from known spe-
cies in recent years, as well as the estimation of about 20—40
gene clusters in each species based on genome data, con-
firms the existence of other biosynthetic pathways in known
strains that can be induced and lead to the discovery of new
compounds (Liu et al. 2019b). Molecular methods based
on genetic manipulations and culture-based non-genetic
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methods have been investigated to express silenced bio-
synthetic gene clusters. In this review, various methods of
activating the silent pathways, increasing the expression of
BGCs and the advances in the techniques of activating the
silent pathways of secondary metabolites are compared.

Approaches in the activation of silent
metabolic pathways

Methods to stimulate cells to produce secondary metabo-
lites can be divided into genetic and non-genetic approaches.
Non-genetic methods are often blind with unidentified
mechanisms and the evaluating inducers are applied during
the fermentation. While in genetic methods, conditions for
gene expression are provided by manipulating the bacterial
genome or genetic elements including the cloning of clusters
into a heterologous host. In the following sections, various
possible methods for expression of silent gene clusters have
been discussed and compared.

Biological induction

Living cells, biomass or cellular components are used to
stimulate microorganisms to produce secondary metabolites.
Since the physiology of microorganisms is different in the
presence of the symbions or competitor agents, diverse types
of cell candidates and cellular components can stimulate
each microorganism to produce bioactive metabolites. The
mechanisms of secondary metabolites production in envi-
ronment are not clear in most cases. Therefore, for inducing
natural products in laboratory, random organisms, biological
substances, and inducers must be screened.

Living cells

The production or increase in production of secondary
metabolites in symbiotic, parasitic, competitive or mimetic
interactions is a natural response to environmental condi-
tions. By carrying out a part of the biosynthetic pathway,
secreting some compounds or changing the physical and
chemical factors of the culture medium, microorganisms
provide the conditions for the neighbouring strains to bio-
synthesize new metabolites, which is not possible in mono-
culture (Kim et al. 2021) like the compounds presented in
Table 1. Reports on elicitation of Actinobacteria using live
cells can be divided into three general cultivation catego-
ries: (i) Cultivation of Actinobacteria with yeasts or fungi;
(ii) Cultivation of Actinobacteria with bacteria containing
mycolic acid; (iii) Cultivation of Actinobacteria with other
bacteria (Peng et al. 2021). The effect of co-culturing on
activation of silent pathways can be investigated in various
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systems including microfluidic system, petri dish, microti-
ter plates, solid supports, bioreactor systems, and transwell
systems (Hug et al. 2018).

In the experiment conducted to identify stimulating
strains in the production of secondary metabolites, Strepto-
myces lividans was used as a model actinobacterium, due to
the production of blue and red pigments actinorhodin and
undecylprodigiosin, which are visible indicators of the acti-
vated pathway (Onaka et al. 2011; Onaka 2017). All induc-
ing strains belonged to MACB (mycolic acid-containing
bacteria) and 33 new bioactive metabolites were identified
by cultivating 12 different species of Actinobacteria using
the combined-culture method (Hoshino et al. 2019). In addi-
tion, inducing effect of mycolic-acid molecules has also been
shown in Streptomyces lividans.

In addition, the biological interaction between actino-
bacterial and fungal strains may result in the induction of
natural products pathways. As an illustration, borrelidins J
and K are induced in marine-derived Streptomyces rochei
MBO037 when it is co-cultured with a fungus Rhinocladiella
similis (Yu et al. 2019). On the other hand, overexpression
of secondary metabolites is also reported from co-cultur-
ing of actinobacterial strains with non-actinobacteria; as
an example, in cultivation of Streptomyces sp. PTY08712
isolated from a Panamanian tunicate with several species
of human pathogens, including methicillin-susceptible S.
aureus, the production of granaticin, granatomycin D, and
dihydrogranaticin B were increased (Sung et al. 2017). Nev-
ertheless, the detection of new antibiotics can also be due to
horizontal gene transfer which was observed in production
of rhodostreptomycins by a Rhodococcus strain in co-culture
with Streptomyces (Kurosawa et al. 2010).

Since the activation mechanism of many genes in co-cul-
ture is unknown, due to the lack of investigation of specific
regulatory induction pathways for most metabolites, there
is a lack of sufficient details (Okada and Seyedsayamdost
2017) to precisely control their expression (Table 1).

Cellular components

Some cell wall compounds as well as various types of oli-
gosaccharides such as mannan oligosaccharide (MO), alg-
inate-derived oligomanuronate (OM) and polysaccharides
can induce the production of secondary metabolites (Pettit
2011). The investigation on the effect of fungal biomass
in inducing natamycin production in S. natalensis HW-2
showed the presence of stimulating compounds in the cell
wall.

N-acetyleglucosamine (GlcNAc) is a cell wall-derived
molecule that was identified in the study of the link between
programmed cell death (PCD) and production of secondary
metabolite. In starvation condition which leads to cell lysis,
N-acetylglucosamine is released into the environment and,
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Table 1 Some of the secondary metabolites induced in Actinobacteria using MACB (mycolic acid containing bacteria) as secondary metabolite

inducing strains in the approach of combined-culture

Compounds  Structure Secondary Inducer Bioactivities  References
metabolite MACB
producer
Alchive- Alchivemycin A Streptomyces — Tsukamurella  Antibacterial (Onaka 2017)
mycins A endus s-522  pulmonis Inhibitor of
and B TP-B0596 tumor cell
invasion
Arcyriafla- o n Streptomyces  Tsukamurella  Cell toxicity ~ (Hoshino et al.
vin E cinna- pulmonis (murine 2015c¢)
moneus TP-B0596 leukemia
O O O NBRC 13,823 cells)
N
H
OH
Streptoami-  Streptominal-9n Streptomyces.  Tsukamurella  Antifungal (Sugiyama
nals nigrescens pulmonis et al. 2016)
HEKG616 TP-B0596
N
H
OH
Niizalac- Niizalactam C Streptomyces  Tsukamurella ~ Unknown (Hoshino et al.
tams A-C sp. NZ-6 pulmonis 2015a)
TP-B0596
Chojalac- Chojalactone A Streptomyces  Tsukamurella  Cell toxicity  (Hoshino et al.
tones A-C sp. CJ-5 pulmonis (murine 2015b)
TP-B0596 leukemia
cells)
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Table 1 (continued)

Compounds  Structure Secondary Inducer Bioactivities  References
metabolite MACB
producer
Gordonic Me Streptomy- Gordonia sp.  Antibacterial ~ (Park et al.
acid 0 ces tendae KMCO005 2017)
HO 't KMC006
Ciromicins  Ciromicin B Nocardiopsis  Rhodococcus  Cell toxicity ~ (Derewacz
A and B sp. FU40 wratislavien-  (acute mye- et al. 2015)
(AApoS) sis logenous
leukemia
cells and
stem-like
myeloid
progenitor
cells )
5a-THQs R Streptomyces. Tsukamurella — Antifungal (Sugiyama
nigrescens pulmonis (targeting et al. 2015)
HEK616 TP-B0596 membrane
lipids)
N
H
Dracolac-  Dracolactam A Micromono-  Tsukamurella  Unknown (Hoshino et al.
tams A spora wen- pulmonis 2017)
and B changensis TP-B0596
HEK?797
~unQH
- QH
Mirilactams Mirilactam C Actino- Tsukamurella  Unknown (Hoshino et al.
C-E OH synnema pulmonis 2018b)
OH mirum TP-B0596
NBRC
14,064
(e}

@ Springer



World Journal of Microbiology and Biotechnology (2024) 40:65

Page50f30 65

Table 1 (continued)

Compounds  Structure Secondary Inducer Bioactivities  References
metabolite MACB
producer
Umezawa- Umezawamide A Umezawaea Tsukamurella  Cell toxicity ~ (Hoshino et al.
mides sp. pulmonis (murine 2018c)
RD066910 TP-B0596 leukemia
cells)
Antifungal
Catenulo-  Catenulobactin A Catenulo- Tsukamurella  Cell toxicity ~ (Hoshino et al.
bactin A 0 HO o planes sp. pulmonis (murine 2018a)
and B JJ\ RD067331 TP-B0596 leukemia
N o o HO cells)
/ N /
H N "
o H H
OH S
Keyicin Micromono-  Rhodococ- Antibacterial ~ (Adnani et al.
spora sp. cus sp. 2017)
WMMB235 WMMAI185

as a signal, induces the production of bioactive metabolites
with the probable purpose of cell protection (Barka et al.
2016). Moreover, addition of GlcNAc to culture medium
of Actinokineospora sp. EG49 led to the production of new
actinosporin metabolite (Tomm et al. 2019).

Chemical induction

Chemical elicitors can be categorized into elements (micro-
nutrient and rare earth elements), natural small molecules
(intracellular and secreted metabolites), micro/nanoparticles
and synthetic chemical compounds.

Natural small molecules

Natural small molecules include signal molecules (anti-
biotics and their intermediates, hormone-like molecules,
siderophores, bioactive secondary metabolites.) and cell wall
components (Zhang et al. 2022) which were discussed in the
former section (Celuular components).

Hormone-like signaling molecules

Known hormone-like signal molecules are classified into
five types based on their structure: gamma-butyrolactones
(GBL), furans, gamma-butenolides, pimaricin-inducer (PI)
factor and N-methylphenylalanyl-dehydrobutyrine diketo-
piperazine (Niu et al. 2016). The first three groups have a
5-membered heterocyclic ring containing four carbons and
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Table 2 Small molecules with a known function in the regulation of secondary metabolism which can be categorized to hormone-like mol-
ecules, antibiotics and synthetic compounds

Group Sub-group Example Source of inducer  Structure References
Hormone-like signal ~ Gamma-butyrolac- A factor Streptomyces 2 (Takano 2006)
molecules tones griseus o
(GBL) 1
(¢
HO
Aromatic furans MMF-1 Streptomyces coeli- HO _= (Corre et al. 2008)
color M512 o)
HO. S
(0]
Gamma-butenolide  Avenolide  Streptomyces aver- (Tyurin et al. 2018)
mitilis
PI- factor Butanediol  Streptomyces natal- C”2|°“ °”2|°” (Tyurin et al. 2018)
ensis H,N—C C—NH,
CH,0H  CH,OH
N-methylphenyla- Piperazine  Streptomyces glo- o (Tyurin et al. 2018)
lanyl-dehydrobu- bisporus NH
tyrine diketopip- N
erazine (MMD) - \’H\v
o]
Antibiotics and their ~ All related com- Goadsporin Streptomyces sp. é «% e (Onaka 2017)
intermediates pounds TP-A0584 %f’f—"é" (R
% Q{; B oo o o ; s/\:to/toou
} \/&N‘%’(& @Mﬁ%"ﬂ
Antibiotic remodeling ARC ARC-2 Synthetic (Zhang et al. 2022)

compouds (ARCs)

T O I,

one oxygen (Table 2). The other two groups have completely
different structures and their activity has not been precisely
characterized (Niu et al. 2016). Unlike gamma butyrolac-
tones, furans are very stable under alkaline conditions. GBL
is produced by many Streptomycetes (Onaka 2017) and due
to their function in secondary metabolite production and
sporulation, GBL are recognized as a signaling molecule
for triggering the biosynthetic pathway and differentiation
in Actinobacteria.

Antibiotics and their intermediates

Antibiotics can act as inducers and regulators of the biosyn-
thesis of other metabolites in sub-inhibitory concentrations
(SICs) (Zarins-Tutt et al. 2016). Some types of antibiotics
target regulatory genes, especially the family of pas-luxR
regulatory genes, which belong to the group of quorum sens-
ing (QS) molecules and regulate the amount of metabolite
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production based on its concentration in the environment.
Adding 1.5 pg/ml tetracycline in the culture medium can
induce and enhance the biosynthesis of different types of
streptophenazines in a Streptomyces strain up to 2.8-fold
(Mitova et al. 2008). The up to 6-fold increase in actinomy-
cin D4 biosynthesis in Streptomyces, by stimulation using
chloramphenicol is another example of the role of antibiotics
as inducers (Zhang et al. 2022). Goadsporin is a modified
oligopeptide with 19 amino acids produced by Streptomyces
sp. TP-A0584 (Onaka et al. 2001; Yoon and Nodwell 2014)
that has been reported to activate the prodigiosin production
and sporulation in S. lividans (Onaka et al. 2001) (Table 2).
It seems that many secondary metabolites like goadsporin
act as signal-like molecules at low concentrations and acti-
vate some biosynthetic pathways, while they have antimi-
crobial properties at high concentrations and preventing cell
growth in some specific streptomyces (Onaka et al. 2001).
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Presumably, all regulatory molecules which are under the
control of environmental changes or changes in cell physi-
ology, transmit signals to cluster regulators, leading to the
expression of (cluster situated regulators) CSR (Niu et al.
2016). As a result of the expression of these regulators, the
production of secondary metabolites is switched. Signal-
ing molecules such as Streptomyces coelicolor butanolides
(SCBs), methylenomycin furans (MMFs), N-butanoyl-L-
hemoserine lactone (C4-HSL), A-factor, factor P1 (enhancer
of pimaricin) interact with the scbl cognate receptor. In
addition, antibiotics such as actinorhodin and undecylpro-
digiosin react with pseudoreceptors (JadP2/ScbR2) and acti-
vate a series of events leading to morphogenetic changes
and the production of secondary metabolites (Salwan and
Sharma 2020).

Elements

Changing the amount of micronutrients namely phosphate,
nitrogen, sulfur and iron (Martin and Liras 2020), and the
presence of metal stress in the culture medium (Tomm et al.
2019; Zong et al. 2021) can stimulate or inhibit the synthesis
of secondary metabolites depending on the type of synthe-
sized metabolite, bacterial strain and other environmental
stimuli (Wohlleben et al. 2017).

Carbon

Its high concentration often inhibits secondary metabolism
through carbon catabolite repression (CCR). The high-den-
sity microarray evaluation in S. coelicolor M145 showed
expression of 651 genes under glucose suppression condi-
tion. Other carbon sources which cause CCR include glyc-
erol, maltose, mannose, xylose, sucrose and citrate (Wohlle-
ben et al. 2017).

Moreover, the sugar uptake system is reduced during
secondary metabolism of Streptomyces, which prevents the
optimal production of natural products. The manipulation of
two sugar transporter systems, TP2 and TP5 using temporal
promoters in S. bingchenggensis led to increased production
of milbemycin (a group of macrolide biopesticides). In this
way, TP2 increased the production of milbemycin A3, and
TPS5 increased the production of milbemycin A4 up to 29.7%
and 32%, respectively (Jin et al. 2020).

Phosphate

The role of phosphate in stimulating or inhibiting the activ-
ity of some enzymes involved in secondary metabolism and
gene expression has been reported. The response to phos-
phate deficiency is carried out through the PhoR-PhoP two-
component system as AphoP mutants of S. coelicolor M145
and shows an increase or decrease in the expression of 551

genes under phosphate limitation (Rodriguez-Garcia et al.
2007; Rodriguez et al. 2013)

The optimal concentration of phosphate for secondary
metabolite production varies in bacteria (Wohlleben et al.
2017), while phosphate limitation often leads to stimula-
tion of secondary metabolite production (Hoskisson and
Fernandez-Martinez 2018). However, exceptions have also
been reported (Wohlleben et al. 2017). An example is the
activation of PhoR-PhoP system under phosphate limitation
that inactivates the transcription of aveR regulatory gene and
thus prevents the production of avermectin in S. avermitilis
(Martin et al. 2017).

Nitrogen

Ammonium is the preferred source of inorganic nitrogen in
Actinobacteria, while nitrate and nitrite (Martin and Liras
2020) are considered as alternative sources (Wohlleben et al.
2017). Ammonium deficiency reduces the growth and stimu-
lates secondary metabolism in many bacteria. Nevertheless,
high concentration of nitrate increases the production of
secondary metabolite, which is called “stimulating effect of
nitrate” (Wohlleben et al. 2017). The main regulator of nitro-
gen metabolism in Actinobacteria is GInR (Wohlleben et al.
2017; Hoskisson and Fernandez-Martinez 2018), which has
regulatory association with PhoP regulatory proteins (Martin
and Liras 2020).

Rare earth elements (REEs)

REEs comprise 17 elements such as yttrium, scandium, lan-
thanum (Ochi and Hosaka 2013; Zong et al. 2021), some
of which are essential elements for microbial metabolism
(Zong et al. 2021). Microorganisms probably acquired the
ability to react to small amounts of these elements as envi-
ronmental stress during their evolution (Zhang et al. 2022).

The production of streptomycin by S. griseus in the pres-
ence of Sc element increased up to 4-fold and the produc-
tion of actinorhodin in S. coelicolor increased up to 25-fold
(Ochi and Hosaka 2013; Zong et al. 2021). It is suggested
that molecules such as ppGpp, ribosome and RNA poly-
merases are the targets of these elements and through these
macromolecules they regulate the biosynthesis of second-
ary metabolites (Zong et al. 2021). It has been shown that
lanthanum can activate silent pathways of antibacterial
compounds produced by Promicromonospora kermanensis
at concentrations up to 50 uM, while at 100 uM it cannot
awaken the antimicrobial biosynthetic pathways (Mohamma-
dipanah et al. 2020). Rare elements of ScCI3 and LaCl3 are
also reported as transcription amplifiers of cryptic metabo-
lite pathways in Streptomyces griseus. Likewise, several
rare elements by their stress stimulating effect induce the
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Table 3 The effect of REEs and particles on the production of secondary metabolites in S. coelicolor model bacterium and the effect mechanism
of particles. (BGC: biosynthetic gene clusters; TCSs: two-component systems ACT: actinorhodin; ROS: Reactive Oxygen Species)

Streptomyces spe-  Elements Function Concentrations Induction intensity Mechanisms References
cies
S. coelicolor A3 ScCly ACT overproduc-  10-100 uM 2 t025-fold Upregulation of (Kawai et al. 2007)
tion actlI-ORF4 and
reducing the
level of ppGpp
S. coelicolor CuO ACT overproduc- 10 mg/L CuO NPs  2-fold increase Enhancement of (Liu et al. 2019c¢)
M145 tion (40 nm) ROS and glucose
uptake and
increased acetyl-
CoA production
S. coelicolor Al O, undecylprodigiosin 1000 mg/L AI203  3.7-fold increase Expression (Liu et al. 2019a)
M145 overproduction NPs (80 nm) enhancement of
BGCs and TCSs;
Inhibition of pri-
mary metabolic
pathways
S. coelicolor Al,O4 ACT overproduc- 1000 mg/L A1203  4.6-fold increase Expression (Liu et al. 2019a)
M145 tion NPs (80 nm) and approxi- enhancement of
mately 24 h BGCs and TCSs;
earlier produce Expression
reduction of pri-
mary metabolites
S. coelicolor Graphene oxide Improved ACT 10 mg/L (0.5-3 ml) 1.7-fold increase Increased (Liu et al. 2019b)
M145 expression of
pathway-specific
regulatory genes
redD, redZ and
actll-ORF4
S. coelicolor A3 ScCl, ACT overproduc-  100-500 IM 2.5 to12-fold Upregulation of (Tanaka et al. 2010)
strain 1147 tion increase in actlI-ORF4 and
expression of some other genes
nine genes of
BGCs
LaCl, ACT overproduc-  1700-2500 IM 2.5 to12-fold Regulation of (Tanaka et al. 2010)
tion increase in actlI-ORF4 and
expression of some other genes
nine genes of
BGCs
S. lividans TK24 Talc Bottromycin A2 10 g/l 2-fold increase Upregulation of (Kuhl et al. 2021)
DG2-Km- regulator genes
P41hyg+ ssgA, ssgB, wblA,

sigN, and bldN

transcription of the BGCs in an explicit Sub-MIC concentra-
tion range in Actinobacteria (Ochi et al. 2014).

Micro and nanoparticles

Investigation of micro- and nanoparticle has shown their
ability to activate pathways and increase the production of
secondary metabolites. The usage of talc microparticles
in the culture medium of S. /ividans led to an increase in
the production of bottromycin A2 up to two-fold (Table 3),
which was even up to 13- fold in other actinobacterial
strains (Kuhl et al. 2021). Liu et al. (2019b) showed that S.
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coelicolor M 145 produces different amounts of actinorhodin
in response to the treatment with CuO particles, Al,O; and
carbon nanomaterials. To determine the role of carbon nano-
material in actinorhodin biosynthesis, carbon nanoparticles
in the form of ball-milled biochar, graphene oxide and car-
bon nanotubes were used. Among them, disordered spheri-
cal ball-milled biochar was the most effective for damaging
cells and stimulating the expression of gene clusters (Liu
et al. 2019a). Therefore, during the biosynthesis of metabo-
lites, the concentration of particles should be precisely con-
trolled (Zong et al. 2021). In addition to concentration of
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the nanoparticles, particle size influences the production of
secondary metabolites (Niu et al. 2016).

Chemical agents

Antibiotic remodeling compounds (ARCs) were identified
in a survey aimed at finding effective chemical molecules
in secondary metabolism. In a study, more than 30,000
chemical molecules were used against S. coelicolor and 19
compounds induced the production of actinorhodin pigment.
Four compounds were structurally related to the triclosan,
including ARC 2, 3, 4 and 5 (Ochi and Hosaka 2013; Yoon
and Nodwell 2014). These ARCs inhibit the Fabl enzyme
which is related to the final stage of fatty acid biosynthesis,
and as a result, acyl-coenzyme A can support the polyketide
biosynthesis (Ochi and Hosaka 2013).

Dimethyl sulfoxide is a toxic chemical that at explicit con-
centrations, induces the biosynthesis of secondary metabo-
lites by changing metabolic pathways (Zong et al. 2021;
Zhang et al. 2022), which is called the DMSO effect (Zong
et al. 2021). For instance, 3% DMSO in the culture medium
of S. azureus ATCC14921 caused a two-fold increase in the
biosynthesis of thiostrepton (Chen et al. 2000; Pettit 2011;
Zong et al. 2021). Wang et al. (2018) showed a 30% increase
in the accumulation of tacrolimus in S. tsukubensis in the
presence of DMSO in combination with LaCl;. Metabo-
lomic studies on the accumulation of tacrolimus showed
the role of DMSO in increasing the production of precur-
sors through metabolic pathways such as pentose phosphate
(Zong et al. 2021). This effect was also shown in ascomycin
biosynthesis in S. hygroscopicus (Zong et al. 2021).

Ethanol at certain concentrations has also shown elicita-
tion or inhibition effect on secondary metabolite biosynthe-
sis, which depends on various conditions such as bacterial
culture medium, global regulatory systems (such as AfsR
and GInR) and ROS signal (Zong et al. 2021). The biosyn-
thesis of chloramphenicol and jadomycin in S. venezuelae
ATCC 10,712 in the presence of 6% ethanol was increased
(Sekurova et al. 2016). The production of validamycin A (an
antifungal against sheath blight disease of rice and wheat)
by S. hygroscopicus could be increased up to 60% by adding
ethanol at a concentration of 10 mM for 10 h (Zhou et al.
2012). H,0, is another inducing agent that has increased the
production of ascomycin by S. hygroscopicus up to 26% at
the optimal concentration (Wang et al. 2019b).

Physical induction

Accumulation of microorganisms or physical contact
between cells is one of the factors that stimulate cells to
produce secondary metabolites. Fluctuations of the physical
parameters are considered as environmental stress for the

microorganism, which stimulates the production of second-
ary metabolites (Fig. 1).

Physical contact

The physical contact can stimulate the production of second-
ary metabolites in some microorganisms. Therefore, artifi-
cial physical contacts such as scaffolds can be used with the
aim of inducing the silent BGCs. Cotton balls are gener-
ally used by imitating the symbiotic relationship between
sponges or sea corals and some microorganisms in their
habitats. With the growth of bacteria around cotton fibers,
formation of biofilms is facilitated, which can stimulate the
production of some secondary metabolites. Timmerman
et al. (2019) reported a significant difference in the produc-
tion of violacein in the presence of cotton balls compared
to the absence of balls in Pseudoalteromonas luteoviolacea.
Considering the correlation between biofilm formation and
its effect on the activation of the Quorum Sensing system,
many secondary metabolites that are produced at low and
undetectable concentration, can be induced using physical
entrapment and accumulation of signal molecules (Timmer-
mans et al. 2019).

Environmental stress cues

Sometimes Actinobacterial strains produce specific second-
ary metabolites in response to adaptation to tough envion-
mental condition. By mimicking this fact and disrupting the
optimal growth conditions by changing the oxygen level,
thermal shock, pH shock, changing the ambient light, and
hydrostatic pressure (Yoon and Nodwell 2014) can stimulate
bacteria to produce secondary metabolites.

Oxygen

Changes in the concentration of dissolved oxygen (DOC)
in culture medium can affect the growth and the production
of secondary metabolites (Zong et al. 2021). For example,
increasing DOC above the optimal concentration in culture
medium of S. parvulus caused a decrease in manumycin pro-
duction or an increase in purple pigment production under
oxygen deficiency in Streptomyces CNQ-525 (Zong et al.
2021).

Temperature

Thermal shock is a widely investigated environmental stress,
which may cause activation of secondary metabolism by
damage to the cell membrane or accumulating unfolded or
misfolded proteins (Yoon and Nodwell 2014). The opti-
mum temperature for the growth of microorganisms might
be different from the temperature required for secondary
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Low @

signal molecules

PstSCAB

Fig.1 The effect of some chemical and physical inducers on regula-
tory pathways of secondary metabolites and activation of gene clus-
ters. For instance, in phosphate limitation, P is transferred into the
cell through the PstSCAB transferring system and activates the PhoP-
PhoR two-component system. Then, PhoP/R positively/negatively
affects the gene cluster expression. AfsQ1/Q2 have a role in nitrogen
metabolism and the P/N/C ratio is probably effective for stimulating

metabolite production (Tomm et al. 2019). The biosynthe-
sis of jadomycin in S. venezulae is a classic example of the
effect of temperature shift from 27 to 42 °C (Yoon and Nod-
well 2014).

Light

As biosynthetic pathways of Actinobacteria inhabit dark
areas, UV irradiation can be an environmental stress acti-
vating the expression of some silent pathways (Rule and
Cheeptham 2013). The antimicrobial activity was induced
in 17% of the actinobacterial strains following UV treatment.

pH
In evaluating the effect of pH on the production of second-
ary metabolites, other than the physicochemical parameters,

factors including the time of pH change and the slope of
pH changes over time should also be considered (Tomm
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this regulatory system. The ammonium ions are transported into the
cells by the amtB transporter, which is clustered with genes glnK
and glnD. MtrA/B and GInR enforce opposite effects on expression
of nitrogen metabolism. DasR global regulator exerts negative effect
on actll-ORF4. GIcNAc activates actll-ORF4 by suppressing DasR.
The use of other carbon sources except glucose in the production of
secondary metabolites in carbon deficiency is related to cAMP-CRP

et al. 2019). The increased production of methylomycin by
S. coelicolor under acidic conditions is reported (Hayes et al.
1997), and the inducing effect of alkaline pH is also reported
in Promicromonospora kermanensis (Mohammadipanah
et al. 2020).

Methods in screening of the induced
pathways

OSMAC approach and environmental cues

Environmental stress or signal molecules affect the expres-
sion of secondary metabolites by changing the precursors
or the activity of biosynthetic enzymes, as well as affecting
regulatory genes and microbial metabolism. The large scale
screening method of OSMAC (one strain many compounds)
or the so-called “brothological” method is a conventional
strategy in which several stimuli consisting of physical
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factors (temperature, pH, shaking), nutrition (carbon, nitro-
gen, phosphorus sources, salinity), and chemical inducers
(mediator molecules, antibiotics) are used to investigate the
effect of inducers on secondary metabolite production (Cov-
ington et al. 2018). Since the inducing effects of different
BGCs are unknown, multiple variables should be screened
in this method, and based on metabolomic, proteomic, and
transcriptomic data, selection of the favorable conditions of
cultivation will be possible (Fig. 2).

Different chemical or biological agents can be added or
removed from cultural condition in this method. Covington
et al. (2018) used a set of environmental stimuli including
two types of antibiotics, lanthanum, scandium and microbial
culture mixture containing MACB, to induce the metabolites
of cave actinobacterial isolates. Isolation and identification
of the produced metabolites showed a new structure called
funisamine (linear polyketide) was identified from Strepto-
sporangium with a new aminopolyol polyketide structure.
Further investigations showed a significant increase in the
production of funisamine in the culture mixture containing
Bacillus strains (Covington et al. 2018). Furthermore, some
novel tools have been used to optimize OSMAC technique,
like micro-fermentation. Using this strategy, evaluation of

5. detectors

Fig.2 Using OSMAC (One Strain-Many Compounds) method for
induction strains with silent pathways. Engineered or wild strains are
optimized for growth and production of secondary metabolites under
laboratory condition. Applying OSMAC methods on these strains
increase the probability of BGCs expression specifically for metage-
nome-derived BGCs. (1) Extracting BGCs from metagenome sam-

528 conditions in 44 marine Microccocaceae strains led to
the discovery of a new thiazolyl peptide from a Kocuria
sp. with anti-MRSA activity (Palomo et al. 2013). Another
new tool for OSMAC is microfluidics-chips in which various
parameters can be adjusted to assess the simulatory effect
of environmental condition on induction of silent pathways.
Using novel complementary tools of analysis and com-
parison, the scale of induction analysis can be expanded
(Romano et al. 2018).

One of the beneficial points in applying OSMAC method
is triggering the diversity of chemical structures of com-
pounds as shown in a study on metabolomics of sea-derived
Actinobacteria under OSMAC experiments. This method
is not only helpful for production compounds from silent
BGCs, but also may lead to altering the chemical structures
of well-known natural products (Gamaleldin et al. 2020).

Reporter-guided mutant selection
The basis of Reporter-Guided Mutant Selection (RGMS)

consists of inducing mutation and generation of pheno-
typic libraries in which expression of the reporter genes

desired
genome

Q

engineered
strain

2. insertion

3. cultivation and

4. optimization investigation

ples or unculturable strains. (2) BGCs are inserted in Actinobacteria
strains by different genetical tools like CRISPR-CAS 9. (3) Selecting
hosts like engineered strains of S. coelicolor, S. lividans, and E. coli
with optimum known conditions in the lab. (4) Activaiting or increas-
ing secondary metabolites production. (5) Using NMR, HPLC-
HRMS for detection of new secondary metabolites
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determines the expression level of the targeted BGCs in the
mutant strains.

Different candidates were used as reporter genes in differ-
ent studies. In one study, neo gene was integrated with PKS
biosynthetic gene sgnS1 as a reporter gene. Mutant strains
were selected after three rounds of chemical mutagenesis,
and the level of natamycin production by Streptomyces gil-
vosporeus increased to 340% (Wang et al. 2016).

In an analogous manner, for re-activation of jadomycin in
S. venezuelae, kanamycin resistance gene (neo) as a reporter,
and color-based detection by catechol oxidase (xy/E) were
used. Two new anthraquinone aminoglycosides gaudimycin
D and E were discovered by activating pga cryptic gene in
Streptomyces sp. PGA64 (Guo et al. 2015). Moreover, this
technique has been applied for increasing the production
level of clavulanic acid in S. clavuligerus and natamycin in
S. gilvosporeus (Xiang et al. 2009; Wang et al. 2016).

It was seen that even biosynthetic genes can be used as
reporter in similar studies. The biosynthetic gene bpsA of
non-ribosomal peptide indigoidine was used as reporter gene
based on its detectability. The bpsA gene was introduced to
engineered strains for evaluating targeted BGC expression.
In continuation of this study, it was proved that TetR-like
repressors genes can be applied for evaluating coelimycin
production (Sun et al. 2017b).

High-throughput elicitor screening (HiTES)

The High-Throughput Elicitor Screening (HiTES) method
includes increasing the expression of BGCs by elicitors and
evaluating the omics data using reporter assays. The HITES
were designed with the aim of inducing promoters, expres-
sion of positive regulatory genes, or inhibition of repressor
genes involved in SMs pathways by chemical inducers. In
this method, effect of expanded types of chemical or biologi-
cal inducers were analyzed in large scale, simultaneously.
In a HiTES study, an unexplored NRPS gene cluster in S.
albidoflavus was selected, and two types of reporters were
considered. Initially, a silenced sur (pSur) promoter was
fused to a triple eGFP cassette (pSur-eGFPx3) and placed
at a neutral site in the S. albidoflavus chromosome. In the
second strain, the insertion of the eGFPx3 specific site was
performed directly downstream of the native pSur promoter.
The signals of ivermectin (anti-fungal) and etoposide (anti-
cancer drug) were indicators of finding inducer molecules
for sur gene cluster (Mao et al. 2018). With this approach
different libraries of components with potential to induce
BGCs can be constructed.

HiTES, a high-throughput natural products discovery sys-
tem, leading to identification of various types and numbers
of natural products in one set of analysis. Detailed analysis
of metabolites in the presence and absence of inducers led
to the discovery of 14 new metabolites from four compound
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families. These families include surogamids, acylated suro-
gamids, albucyclones and a group of linear decameric pep-
tides. Albuquinone A is another new metabolite that was
identified and did not belong to the sur gene cluster. These
findings indicated the effect of ivermectin and etoposide on
other gene clusters (Xu et al. 2017a).

Some specific chemical agents seem to have a general
activatory or suppressory impact on BGCs expressions in
various Actinobacterial genera. Atenolol was introduced as
a global inducer compound that increased the expression
of cryptic BGCs, leading to the identification of unknown
compounds like taylorflavins A and B, hiroshidine, and
pyridindolol in S. hiroshimensis. HITES can be upgraded by
reporting systems for increased accuracy and validity of the
analysis. The use of Imaging Mass spectrometry (IMS) as
a complement of HiTES (HiTES-IMS) can provide a more
accurate analysis of metabolomic profile of strains (Xu et al.
2019).

Besides, the analytical, biological hyphenation of the
HiTES can be used (bioactivity-HiTES), in which induced
metabolites are screened based on biological activity, and
finally, new metabolites are isolated and identified (Moon
et al. 2019).

Genome-wide pleiotropic methods

Approaches that can awaken several BGCs in a non-targeted
manner are considered pleotropic or genome-wide methods.
Since some enzymes or regulators initiate various reactions
in non-specific substrates, alterations in their gene sequences
or function can activate multiple silent pathways (McLean
et al. 2019).

Manipulation of global regulatory systems

There are two main groups of regulator genes that control
the transcription and expression of BGCs. These regulators
include global regulatory genes (GRGs) or pleotropic regu-
latory genes and cluster situated regulators (CSRs). Global
regulatory genes are located upstream or downstream of
BGCs and affect the expression of a wide range of gene
clusters, while CSRs are within gene clusters and direct
increase in expression of BGC. These regulatory proteins
affect the expression of a wide range of gene clusters and
regulate various reactions related to differentiation, cell
growth and secondary metabolite production. For example,
DasR regulatory protein, a member of GntR-family, causes
the expression of genes involved in the decomposition of
vegetative mycelia in the presence of the N-acetylglucosa-
mine. Global regulators can also control the expression of
cluster situated regulators (McLean et al. 2019). If regula-
tory genes are randomly manipulated, new unpredictable
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pathways are likely to be awakened. By targeting global or
pleotropic regulatory genes, various types of mechanisms
or cluster might be affected. For example, manipulation of
adpA gene has resulted in the activation of germicidin and
oviedomycin gene clusters (Baral et al. 2018). AdpA tran-
scription factor (TF) as a global regulator is a practical and
useful tool for the expression of BGCs and has the ability
to bind to interacting sequences on the genome and regulate
biosynthesis of various secondary metabolites. The use of
plasmid pGM4181 with adpA under the control of a strong
promoter in Streptomyces cyanogenus S136 led to a signifi-
cant increase in the production of an antifungal metabolite
(Yushchuk et al. 2021). In another example, BIdD regulatory
proteins adjust the biosynthesis of actinorhodin and undecyl-
prodigiosin in addition to the formation of aerial mycelium
by binding to BIdC protein from MerR family (McLean et al.
2019). AfsR is another global regulatory protein that is acti-
vated by the phosphorylation of serine/threonine residues by
a membrane kinase in the presence of environmental sensors
and causes the expression of the regulatory gene afssS, which
consequently leads to the increase in the production of acti-
norudin and undecylprodigiosin (Bibb 2005). Among global
regulators, two-component systems (TCSs) are regulators
that include two parts: sensing kinase (mainly histidine) in
the inner membrane and cytoplasmic regulator (Xia et al.
2020). PhoP/R and AfsQ1/Q2 are the well-known TCSs
in activating/blocking biosynthesis pathways of secondary
metabolites (Fig. 1).

The cluster situated regulators (CSRs) are local regula-
tory genes that are highly influenced by environmental ten-
sions and pleiotropic effects and are activated or repressed in
the presence of environmental signals and other global regu-
lators. Streptomyces antibiotic regulatory proteins (SARPs)
are the largest group of local regulators, mainly in the genus
Streptomyces (Bibb 2005). In the experiments conducted by
Wu et al. (2021), the genes encoding SARPs as activators
of biosynthetic clusters were cloned into pLM1 plasmid and
integrated into S. tsukubensis genome. The positive regula-
tory effect of SARP led to the activation of the tsu gene
cluster and biosynthesis of a new anthracycline, tsukubaru-
bicin (Wu et al. 2021). Another major regulator family, the
LuxR-family (LAL) (Bibb 2005), binds to the helix-turn-
helix motif in the N-terminal region of the LuxR regulator,
then initiates the transcription by binding the C-terminal
part of regulator protein to DNA (Salwan and Sharma 2020).
A CSR within a gene cluster, in addition to regulating the
transcription of nearby genes, is likely to play a role in the
expression of distant genes (McLean et al. 2019).

Modulation of regulatory genes

The regulatory elements of BGCs in bacteria gene clus-
ters include various promoters, sigma factors, ribosomal

binding-sites, regulatory RNAs (riboswitches, ribozymes,
RNA termometers and non-coding RNA) (Lotz and Suess
2018), untranslated region (UTR), and terminator sequences
(Myronovskyi and Luzhetskyy 2016). Inducing BGCs by
these elements (Fig. 3) is mostly untargeted because most of
the time the explicit impact of these elements are unknown,
and modulation of these elements has unpredictable results
in secondary metabolic pathways.

Promoter engineering Considering the necessity of a
strong promoter for gene expression at significant levels, var-
ious promoter libraries have been constructed and designed.
The most important promoters used for gene expression in
actinomycetes are ermE, actll orf4 and sfI14P, some syn-
thetic promoters such as tcp830 and modified derivatives of
native promoter such as kasOP (Myronovskyi and Luzhet-
skyy 2016). Production of Toyocamycin by S. diastatochro-
mogenes 1628 as a fungicide was induced up to 5.2-fold
using the promoter spl-21 (Xu et al. 2017b). Some promoters
can be engineered by new engineering tools such as CRISPR
Cas9.

Sigma factors have different frequencies in Streptomy-
ces genus from 35 in S. albidoflavus to more than 60 in S.
avermitilis and S. coelicolor (Myronovskyi and Luzhetskyy
2016). Considering the role of sigma factors in identifying
the transcription starting sites (TSSs), deletion or overex-
pression of this gene can increase the formation of transcrip-
tion complex and expression of biosynthetic gene clusters.
For instance, an approximately 96% increase in avermectin
production is observed in the sig8 deletion mutant (Dsig8)
compared to the wild S. avermitilis (Sun et al. 2017a). More-
over, manipulation or replacement of (c) factors can have
a significant upregulating effect on BGCs expression. For
example, the adaption of sigma (o) factors from actinobac-
terial source in E. coli up-regulates the expression of oxyB
biosynthetic gene of oxytetracycline in E.coli (Stevens et al.
2013).

5'- untranslated region (UTR) sequence is located in the
region between the TSS and the start codon and contains
important genetic instructions for regulating transcription
under certain circumstances. It also contains a ribosome
binding site (RBS) that partly pairs with the /6 S rRNA
sequence and causes the ribosome to be correctly positioned
on the mRNA and translation is initiated exactly at the start
codon (Lee et al. 2019). For the first time, investigation of
the 5'-UTR in S. lividans TK24 showed that AT-richness of
of this region correlate with higher efficiency in the transla-
tion process (Myronovskyi and Luzhetskyy 2019).

Ribosomal binding-site (RBS), like promoters, have
variable capabilities in gene expression, and multiple RBSs
can be used. It is shown that the presence of A/U-rich
sequences with various lengths and mRNA stem-loop struc-
ture upstream of RBS is associated with higher efficiency
of translation (Alagesan et al. 2018). The investigation
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Fig.3 The main methods for regulatory genes discovery. (1) A Over-
expression of activator genes, or deletion of suppressor genes, and
evaluation of the on the production. B Using various types of cultures
with different chemical, biological, and physical inducers. C Inducing
mutation by different agents, and assessment of their effect on BGCs

of the 5-UTR in S. lividans TK24 showed that nucleo-
tide changes in this region can affect the quality of gene
expression (Myronovskyi and Luzhetskyy 2019). In another
research that was conducted to increase the sterol production
in Mycobacterium neoaurum ATCC 25,795, different RBSs
were investigated and the presence of RBS with medium
strength was more efficient in enhancing the production of
metabolites (Sun et al. 2020).
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expression. (2) Analyzing effect of regulatory genes on BGC expres-
sion by omic approach (genomics, transcriptomics, proteomics, and
metabolomics techniques). (3) Creation of regulatory network mod-
els using systems biology and bioinformatical tools from multi-omics
data

Riboswitches are short-stranded RNA sequences that
are mainly located in the 5'-UTR region of mRNA. These
small sequences change mRNA folding and regulate gene
expression at the translational level by binding to a ligand
molecule. Ligands can be small molecules such as ions, free
radicals, vitamins, which are normally present at low con-
centrations in the cell. Guanidine III is a riboswitch present
in most Actinobacteria and has a role in the regulation of
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the emrE and sugE genes and the SMR efflux pump (Lotz
and Suess 2018).

Ribosome engineering

The idea of ribosome engineering was formed when the pro-
duction of large amounts of actinorhodin was reported in a
strain of Streptomyces lividans with a modified S12 riboso-
mal protein (RpsL) that was related to streptomycin resist-
ance. Therefore, point mutations in ribosome can be used as
a practical method to stabilize the ribosome, express gene
clusters and increase their productivity (Shima et al. 1996;
Abdelmohsen et al. 2015). Resistance mutations to other
antibiotics such as tetracycline, erythromycin (Covington
et al. 2021), streptomycin and gentamicin in Streptomyces
coelicolor led to a 180-fold increase in actinorhodin produc-
tion compared to the wild strain (Wang et al. 2008). The site
of action of antibiotics in the ribosome includes decoding
center (DC), peptidyl (P) and exit (E) sites in the 30 S subu-
nit, Peptidyl Transferase Center (PTC) in the 50 S subunit,
Nascent Peptide Exit Tunnel (NPET), translation factors of
EF-TU, EF-G and IF2 in the 50 S subunit (Lin et al. 2018).

The investigation of ribosome engineering technique in
1068 Actinobacteria strains showed that 43% of Streptomy-
ces and 6% of non-Streptomycetes after spontaneous muta-
tion in rpsL or rpoB acquired the ability to produce second-
ary metabolites (Ochi and Hosaka 2013).

RNA polymerase engineering

Application of this method is more usual in fungal strains
than actinobacterial strains. The bacterial alarmon ppGpp
which is formed by ppGpp synthetase in response to stresses
(Baral et al. 2018), binds to RNA polymerase (RNAP) and
ultimately initiates the synthesis of the secondary metabo-
lites. This suggests that modification of RNAP, by intro-
ducing a rifampicin-resistant mutation in rpof3, may mimic
the ppGpp-bound form and activate the expression of BGCs
(Ochi and Hosaka 2013). Generation of rifampicin-resistant
mutations in the 7poB gene related to the § subunit of the
polymerase enzyme in Streptomyces somaliensis SCSIO
ZH66 led to an increase in the production of fredericamycin
metabolite up to 3-fold (Zhang et al. 2015).

Phosphopantheteine transferases

In the initial stage of biosynthesis of polyketides and non-
ribosomal peptides, acyl transferase and peptidyl transferase
should be activated by a post-translational modification,
which can be fostered by the activation of phosphopanteth-
einyl transferases (PPTases). There are two types of PPTases
in prokaryotes. The first type is responsible for Acyl Protein
Carrier (ACP) modification and the second type is present in

biosynthesis pathways of secondary metabolites, and modi-
fies the Carrier Proteins (CPs). This approach is limited to
inducing the PKS and NRPS genes, but has shown high effi-
ciacy in most of the studies.

In heterologous expression of a cyanobacterial natural
product in E. coli, five different PPTases were investigated.
The results of this study showed that efficiency of PPTase
depends on different factors like type of pathway, selection
of the proper type of PPTase, CP interactions, induction
conditions in the host, and increasing the concentration of
PPTase, which has upregulation effect on the expression
of BGCs (Liu et al. 2018). Insertion of PPTase genes (svp
and sfp) isolated from Streptomyces verticillus and Bacil-
lus subtilis, respectively, into 33 Actinomysetes genomes
caused overexpression of various PKS and NRPS BGCs in
23 strains (Zhang et al. 2017a).

In another study, the increased expression of these two
PPTase genes in S. alboniger NRRL B-1832 was introduced
using the constitutive promoter ermE by conjugation. This
approach of induction resulted in the isolation of three cryp-
tic nucleosides puromycin A, B, and C (Yan et al. 2018).

Targeted genome-wide methodologies
Using CRISPR-Cas system in targeted modification

The CRISPR-Cas genomic tool can be used in various
genetic-induction approaches such as heterologous expres-
sion, BGC refactoring, gene knockout or knock in, and cryp-
tic BGC conjugation. Homology Directed Repair (HDR) is a
CRISPR-based method which is directed by plasmid trans-
fer containing elements such as cas nuclease, gRNA, and
homologus repair template. Moreover, approaches such as
Non-Homolgous End Joining (NHEJ) and Base editor are
the other CRISPR-based methods that have been used for
genome editing in Streptomyces spp. (Karthik et al. 2022).
The CRISPR-Cas9 can be widely used to induce cryptic
BGCs by replacing the inactive promoter of cryptic genes
with active promoters and BGC refactoring. In a study,
CRISPR-Cas9 strategy was used to activate two unexplored
BGCs in Streptomyces roseosporous, one of them was
homologous to topolycyclic tetramate macrolactam BGC
in S. griseus. Moreover, in another study, the cryptic type
I polyketide synthesis was activated by insertion of kasO*.
This strong promoter induces the expression of aurR1 which
is the activating gene in the production of Auroramycin (Lim
et al. 2018). The replacement of constitutive kasO*p with
CRISPR-Cas 9 genetic tool triggered the expression of cryp-
tic type II polyketide BGC in S. viridochromogenes, type 111
polyketide BGC in S. venezuelae, and indigoidine compound
BGC in S. albidoflavus (Zhang et al. 2017b). In addition to
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promoter replacement, CRISPR methods can be used for the
addition or deletion of regulatory genes. The pathway spe-
cific regulator gene papR3, which had repression effect on
pristinamycin I production in Streptomyces pristinaespiralis,
has been deleted from wild strain by CRISPR Cas genome
editing system that lead to an increased production of pristi-
namycin I to more than 130 mg/L (Meng et al. 2017).

Currently, CRISPR-Cas9 has a crucial role in genetic
induction methods like cloning, heterologous expression,
and whole BGC refactoring. Homology-directed repair
method has been used in three Streptomyces strains with
70-100% efficacy, and with a deletion range from 20 bp to
30 K bp (Cobb et al. 2015). The efficiency of this method
depends on various parameters like sites of interest, targeted
strains, and the type of Cas9 that cause some limitations for
its adaption in different actinobacterial species (Yeo et al.
2019).

There are challenges in using this approach, like the
creation of DNA double-strand breaks (DSBs) that cause
genome instability, and toxicity. To solve these challenges,
CRISPR-BEST (CRISPR-Base Editing System) has been
used as C-to-T, and (CRISPR-aBEST) as A-to-G base edi-
tor. This strategy has been used to introduce a stop codon
that led to inactivation of two copies of kirN, a gene involved
in kirromycin production in Streptomyces collinus Tii365.
This strategy has also been used in other Streptomyces spp.
(Tong et al. 2019a, b).

The other important limitation of CRISPR-Cas9 for
genome editing in actinomycetes genomes is the toxicity
of Cas9 protein. It has been proved that overexpression of
Cas-9 hindered the exoconjugation of plasmid pCRISPomy-
ces-2. Therefore, replacement of weaker constitutive pro-
moter for cas9 gene in novel designed plasmid pCM4.4 leads
to reduction in Cas9 expression and increases probability
of success in genome engineering. In this study, ACT BGC
that encode type II polyketide actinorhodin was employed
inefficacy evaluation of genome editing by this approach
(Ye et al. 2020).

Transcription factors and promoter exchange/
modifications

In most promoter engineering studies, native weak promot-
ers of inactive BGCs have been replaced with naturally
active promoters, or synthetic promoters which are effec-
tive in induction of BGCs. Most natural promoters used
in promoter engineering have been isolated from produc-
tive species. Expression of cryptic gene bpsA, which was
silent under normal laboratory condition, was increased
after inserting the erythromycin resistance gene promoter
(ermE*p) in front of this gene (Olano et al. 2014).

TFDs (Transcription Factor Decoys) have been applied
for inducing the expression of silent NRPS and PKS BGCs.
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TDFs are engineered sequences which mimic the specific
sequences that bind to regulatory factors and act as competi-
tors for regulatory DNAs. This de-repression strategy can be
used as large-scale method without any genetic manipula-
tion. This method has been applied in induction of eight
silent BGCs in different Strepromyces spp. that led to the
discovery of a new oxazole compound (Wang et al. 2019a).

The multi-omics data collected from species under the
biological, chemical and physical inducing agents need to
be interpreted to identify transcriptional network and expres-
sion pattern of BGCs in Actinobacteria. In a related study,
four regulatory elements and one sigma factor responsi-
ble for the expression of BGCs were discovered based on
multi-omics data from ribosome profiling, Term-Seq, RNA-
seq, and dRNA-seq in Streptomyces griseus NBRC 13,350
(Hwang et al. 2022).

Inactivation of the highly expressed biosynthetic
pathways

This strategy is based on changing the flow of metabolic
of secondary metabolites in Actinobacteria, and blocking
common compounds to facilitate the production of rare and
unique compounds that are cryptic. Many of the pathways
that produce secondary metabolites overlap in regulatory
proteins, transporter enzymes, precursor molecules, and
other effective factors in biosynthetic pathways. Thus, block-
ing competing pathways with targeted BGCs may induce
expression of silent BGCs.

By using pCRISPR-Cas9 and pCRISPomyces-2 genomic
tool, streptothricin and streptomycin compounds were
knocked out as the most prevalent encoding BGCs from 11
actinobacterial strains. This strategy resulted in the isola-
tion of unknown compounds like amicetin, 5-chloro-3-for-
mylindole, thiolactomycin, and phenanthroviridin (Culp
et al. 2019).

Furthermore, production of anti-diabetic secondary
metabolite acarbose can be increased by decreasing the flux
to valienol and 1-epi-valienol shunt metabolites in Actino-
planes sp. SE50/110 (Zhao et al. 2020).

Deletion of the suppressors or awakening
the activators

Regulatory genes are responsible for modifying the time
and level of core biosynthetic gene expressions. In regular
natural condition of actinobacterial strains, these genes are
under control of the secondary metabolite concentration,
environmental stimuli, and interaction with other species.
In most cases, ploeotropic and global regulators activate/
deactivate the pathway-specific regulators, and pathway-
specific regulators which directly control the expression of
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BGCs. The metabolic profile comparison in wild-type and
mutant strains, analyzing the BGCs expression under differ-
ent cultural condtions, and effect of chemical, physical, and
biological elicitors and multi-omics data of manipulations
like overexpression or knocking out targeted genes aid in
mapping the regulatory network and identifying mechanism
of their effect on BGCs expression (Fig. 3).

The common strategy is based on manipulation of regu-
latory genes by inducing the expression of genes encoding
activator proteins and deleting or blocking genes encoding
repressor proteins. A hybrid of PKS and NRPS gene clus-
ters producing three Totopotensamides, can be activated by
overexpression of totRI (LuxR-type protein) or knockout
of totR5 and totR3 which are negative regulators of SM
in Streptomyces pactum SCSIO 02999 (Chen et al. 2017).
Although finding these genes and their roles are challenging,
advances in machine learning twill improve the detection of
these genes in BGCs.

In a recent study, the effect of two regulator genes in
formocamycins production by Streptomyces formicae KYS5
has been reported. It was observed that the deletion of the
suppressor gene forJ from MarR-family regulators reduced
the expression of formocamycins BGC. On the other hand,
another discovered regulator gene forGF showed an upregu-
lation effect on production of formocamycins. However, the
simultaneous overexpression of forGF, and forJ deletion
resulted in an increased formocamycins production of up to
to 10-fold (Devine et al. 2021).

Manipulation of regulatory genes can also be effective for
inducing BGCs in heterologous expression and optimized
engineered hosts for secondary metabolites production. In
a recent study, cryptic manumycin-type BGCs of Saccha-
rothrix espanaensis were induced in heterologous expres-
sion in E. coli using two regulatory genes, espR1 and espR2,
under the control of ermE* constitutive promoter (Gornia-
kova et al. 2021).

Finding cis elements to control transcriptional factors led
to controlling the expression of targeted pathways based on
the type (activator/repressor) of factors. The training sets
from several omics data of different actinobacterial genera
allow the in silico prediction of transcription sites using
tools like PREDetector. With high-throughput proteomics
methods like DAP-seq (DNA affinity purification sequenc-
ing) identification of transcription factors based on DNA-
protein interaction, and creating libraries from them is fea-
sible (Hiard et al. 2007; Rigali et al. 2018).

Another method called semi-targeted approach has been
used to activate mayamycin A in Streptomyces sp. TU17
which was conducted by introducing cluster situated regu-
lators (CSRs) and Streptomyces antibiotic regulatory pro-
teins (SARPs) on a plasmid. These plasmids triggered the
production of chartreusin-like compound and warkmycin in

Streptomyces sp. TU102 and Streptomyces sp. TU10, respec-
tively (Mingyar et al. 2021) (Table. 4).

Heterologous expression in surrogate hosts

Characterization of silent BGCs construction by genome
mining tools provides required information for their clon-
ing into a host with optimized condition for BGC expression.
Transfering the whole genome or a cluster to another host in
this way has resulted in the creation of strains with higher
productivity (such as cephalosporin production), the biosyn-
thesis of new compounds (such as indolizomycin), or even
the activation of silenced gene clusters (Shitut et al. 2020).

Different BGCs from metagenomes and whole genomes
have been cloned in fosmid, cosmid, and E. coli libraries
such as the large size PKS BGC of quinolidomicin Al with
more than 20 Kb genome size have been cloned in BAC
library (Hashimoto et al. 2018).

Different heterologous expression techniques have been
used for induction of BGCs. The instability of the heter-
ologous genome and the limitation of the recombination
time due to the rapid reconstruction of the cell wall after
the fusion of cells are among the challenges of recombinant
BGCs (Shitut et al. 2020). In addition to the recombination
of chromosomes, the fusion of L-forms causes polyploidy,
and the presence of multiple gene copy that can have ben-
eficial effects on the enzymes, antibiotic production and
biological control.

Heterologous expression studies demonstrated that the
most common hosts like E. coli and S. cerevisiae, despite
their simple genomic manipulation or cultivation, are not
appropriate hosts for the production of natural products,
because they cannot support the production of natural prod-
ucts with complicated chemical structures. In recent years,
S. coelicolor M 1146 has been considered as an alternative
host for BGC expressions. The BGC of RNA polymerase
inhibitor Pseudouridimycin (PUM) was identified in Strep-
tomyces sp. DSM 26,212 by knock-out method and success-
fully expressed in S. coelicolor in heterologous expression
(Bohringer et al. 2021). In another example, three novel
lasso peptide BGCs were discovered from Streptomyces
leeuwenhoekii C34 by genome mining method, and unlike
the Ipl (predicted to belong to citrulassin family) and the
Ip2 BGC was successfully expressed in S. coelicolor. The
results of the study show that the active promoter ermE*
can activate the BGC expression in the host, and there is no
regulatory mechanism for leepeptin biosynthesis in native
strain (Gomez-Escribano et al. 2019; Bohringer et al. 2021).

The engineered strain Streptomyces griseofuscus DSM
40,191 has also been introduced as a candidate host for het-
erologous expression which has been optimized for heterolo-
gous expression using CRISPR-Cas 9, CRISPR-cBEST and
GusA vectors (Gren et al. 2021). The novel method of large
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Table 4 Transcription and regulatory factors: Type and effect of regulators; Strains, and produced compounds

Type of Regulator Family of the regula- Regulatory effect Strain Induced compound References
tory protein
Global AdpA Positive S. griseus Several secondary (Higo et al. 2012)
metabolites
DasR Negative Streptomyces spp. Several secondary (Rigali et al. 2008)
metabolites
Crp Positive S. coelicolor Undecylprodigiosin (Gao et al. 2012)
actinorhodin
calcium-dependent
antibiotic
AfsQ1/Q2 Positive S. lividans Actinorhodin (Shu et al. 2009)
undecylprodigiosin
NsdA Negative S. lydicus Natamycin (Wu et al. 2017)
WbIA Negative S. roseosporus Daptomycin (Huang et al. 2017)
BulzZ Positive S. tsukubensis Tacrolimus (FK506) (Ma et al. 2018)
AbsA2 Negative S. coelicolor Undecylprodigiosin (McKenzie and Nodwell
actinorhodin 2007)
calcium-dependent
antibiotic
Pleotropic MilR3 (SARP family)  Positive S. bingchenggensis Milbemycin (Yan et al. 2022)
AdpAlin Positive S. lincolnesis Lincomycin (Kang et al. 2019)
LmbU Positive S. lincolnesis Lincomycin (Lin et al. 2020)
SAV4189 (MarR) Positive S. avermitilis Avermectin (Guo et al. 2018)
Pathway specific ~ PtmR1(GntR) Negative S. platensis MA7327 Platensimycin (Smanski et al. 2009)
JadR*/JadR2 Negative S. venezuelae ISP5230 Jadomycin (Zhang et al. 2013)
LnmO (Crp/Fnr) Positive S. atroolivaceus Leinamycin (Huang et al. 2016)
PtmR1(GntR) Negative S. platensis MA7339 Platencin (Smanski et al. 2009)
CalR3(TetR) Negative S. chartreusis NRRL Calcimycin (Gou et al. 2017)
3882
MilR2(TetR) Positive S. hygroscopicus Milbemycin (Wei et al. 2018)
RapS/Y (TetR) Negative S. rapamycinicus Rapamycin (Yoo et al. 2015)
TtmRIV (PAS-LuxR)  Positive S. ahygroscopicus Nystatin Al tetramycin  (Cui et al. 2015)
A
NemR (LAL) Positive S. cyaneogriseus Nemadectin (Lietal. 2019)

DNA fragment cloning (NaBLC) has been used to insert
BGC:s of anaerobic strains into Streptococcus mutans UA159
as a heterologous host. In this strategy, the targeted genome
was inserted into the competent host by homologous recom-
bination and then screened using counter selection marker
(Hao et al. 2019).

Sequencing, transcriptomic, and genomic analysis of S.
albidoflavus have demonstrated that this strain can also be
an appropriate strain for heterologous expression of actino-
bacterial BGCs (Zaburannyi et al. 2014). The construction
of spinozad artificial gene cluster by refactoring the gene
cluster and placing it in the heterologous host S. albidoflavus
increased the biosynthesis of spinozad by 328-fold (Li et al.
2023). Although S. coelicolor is one of the most studied and
applicable actinobacterial hosts, as this strain has potential
for the production of PKS and NRPS biosynthetic pathways
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precursors (Gomez-Escribano and Bibb 2011, 2014), the
selection of proper host with desired properties must be based
on the targeted BGC.

Refactoring of gene clusters

BGC refactoring is the rearrangement of important tran-
scription elements such as promoters, terminators, ribo-
somal binding sites, regulatory factors, and transcriptional
elements and other expression-related factors which have
been used to design specific hosts for expression of the tar-
geted BGCs (Alam et al. 2021). To use the BGC refactoring
strategy, BGCs should have two characteristics: first, the
sequenced and annotated genomes should be tractable, and
second the targeted BGCs should be under the control of a
single operon (Ogura et al. 2018).
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Fig.4 Process of BGC refactoring: A Genomes of actinobacterial
strains acquired from whole genome sequencing or metagenomics
analysis. B Genome mining of secondary metabolites pathways using
tools like antiSMASH. C Recognition of cryptic BGCs and selec-
tion of non-orphan cryptic BGCs. D Cloning of cryptic BGCs by
novel methods like Gibson, TAR, or Golden Gate assembly methods.

BGC refactoring (Fig. 4) has been considered as a scale-
able method for increasing the production of well-known
compounds, or designing optimized condition for expres-
sion of silent BGCs which lack expression condition. The
expression of four glycosins cryptic BGCs from Actinobac-
teria has been triggered by heterologous expression in E.
coli BL21 after two Golden Gate assembly steps (Shantanam
et al. 2018).

Streptophenazines were produced by cryptic hybrid
(PKS/NRPS) BGC spz from Streptomyces sp. CNB-091.
In a study, various types of promoters like strong syn-
thetic promoters’ p2/ and sp44 were used to increase
expression of spz, and refactored BGCs were assembled
in Streptomyces coelicolor M1146. Results of RT-PCR
showed that sp44 had the most triggering effect on spz
expression. Interestingly, metabolomic comparison from
LC-MS results revealed strains with refactored BGC have
produced more than 35 different streptophenazines with
various chemical structures (Bauman et al. 2019).

E) BGC refactoring
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G) Natural product extraction

E Targeted manipulation of BGC in different genetic elemensts like
strong promoters (native or synthetic), and upregulation, insertion, or
deletion of suppressor genes. F Optimization of expression by heter-
ologous host engineering methods. G Structure elucidation or detec-
tion of the induced cryptic metabolite

The heterologous expression of ato gene cluster iso-
lated from Amycolatopsis tolypomycina NRRL B-24,205
in yeast led to production of two anticancer compounds,
atolypene A and atolypene B. In this study, a combined
method from CRISPR Cas9 was used for cleavaging off
the native promoter, and transformation assisted recom-
bination (TAR) was applied to reassemble arzo BGC with
synthetic promoters. This method, named miCRISTAR
(multiplex Cas9-TAR), which enables exchanging vari-
ous promoters was possible across ato BGC (Gustavson
et al. 2018).

Pathway induction by epigenomic
modifications

The epigenetic modulating agents of the actinobacterial
genome include chemical and conformational modifications.
Known chemical modifications of the bacterial epigenome
include histone deacetylases, DNA methyltransferases and
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modifying nucleoid-associated proteins. Conformational
dynamic of the bacterial genome varies the exposure of the
clusters to the transcription which itself is influenced by the
chemical modification of the nucleoid associated protein and
deoxyribonucleic acids. Among these four types of epigenomic
approaches discussed in below subsections, only inhibitors of
histone deacetylaseare frequently used for pathway elicitation
in actinobacteria.

Manipulating the nucleoid-associated proteins
in actinobacteria

There are reported nucleoid-associated proteins in Actino-
bacteria that their activation or deletion be used for universal
BGC induction in these group of bacteria. The Transcrip-
tion of secondary metabolites in Streptomyces is related to a
bifunctional nucleoid-related protein (DdbA) with a DNA-
binding histone H1-like domain and an interacting domain
with RNA polymerase which itself is regulated by ppGpp
(Aldridge et al. 2013).

Another recently reported nucleoid-associated protein,
Lsr2, inhibits the expression of gene clusters by binding
to the AT-rich sequence (generally species-specific genes
which are presumably newly obtained by horizontal gene
transfer). Thus, deletion of the Isr2 gene in Actinobacte-
ria can lead to the synthesis of new metabolites (Gehrke
et al. 2019). Lsr2 is assumed to suppress the cluster by its
polymerization on the BGCs. In contrast, Lsr2 repression
is neutralized by CmIR by promoting the RNA polymerase
and removal of Lsr2 polymers from genome. Engineering
of these two counteracting nucleoid related proteins led to a
130 fold increase in chloramphenicol production by S. ven-
ezuelae (Zhang et al. 2021).

Modulating the DNA methylation of actinobacteria

Modifying the activity of methylation using S-adenosylme-
thionine (SAM)-dependent methyltransferases (MTs) or the
level of SAM can be suggested as a non-targeted or semi-
targeted approach for awakening the cryptic pathways as it
can contribute to the secondary metabolite biosynthesis in
four ways. First, through activation of signaling pathways
like AfsK serine/threonine kinase in actinorhodin biosyn-
thesis (Jin et al. 2011); by natural addition of the methyl
group to the substrate; by artificial inclusion of the methyl
group for improving the bioactivity or bioavailability of the
biosynthesizing compound and lastly epigenetic modifica-
tion of the bacterial genome by increasing the methylation
substrate of DNA methyltransferases.
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Modifying the chromosomal conformation

The three dimension (3D) structure of chromosomal organi-
zation in S. coelicolor, shows remarkable change by shift
from primary to secondary metabolism and some BGCs in
special local conformations can be expressed. Therefore,
an inserted single reporter gene or whole BGC can have a
higher transcription after relocation into the hotspots, which
may indicate a new approach for induction of secondary
metabolites (Deng et al., 2023). Future advances in machine
learning may aid in mimicking the conditions inducing the
favored 3D of the chromosome in the position of BGCs
without the need to relocate the cluster to the positions with
favored spatial structure through chromosome remodeling.

Inhibiting the histone deacetylation of genome
in actinobacteria

The limited access of RNA polymerase to BGCs due to the
supercoiling can be ameliorated by inhibiting the polyamine
deacetylase of Actinobacteria. This approach is the most fre-
quently employed epigenetic-based approach for awakening
the cryptic pathways in Actinobacteria. For instance, com-
pounds like sodium butyrate and valproic acid have shown
inducing effect on secondary metabolites in S. coelicolor
(Zheng et al. 2022)d kermanensis (Mohammadipanah et al.
2020) assumed by the inhibition of histone deacetylation,
respectively.

Concluding remarks

Discrepancies in the gene clusters (BGCs) identified through
genome mining, compared to the known metabolic profiles
of secondary metabolites in Actinobacteria species, indi-
cate the presence of compounds that remain unexpressed in
natural or laboratory conditions. Addressing the challenge
of many gene clusters either not transcribed or expressed at
undetectable levels, two primary objectives are pursued in
the induction and activation of actinobacterial secondary
metabolite biosynthetic pathways. These objectives encom-
pass boosting the production of known secondary metabo-
lites or eliciting the expression of cryptic/silent genes to
facilitate the discovery of novel compounds.

The use of chemical substances, such as hormone-like
molecules, secondary metabolites, elements, and micro/
nanoparticles, can be considered relatively cost-effective
method for stimulating the production of secondary metab-
olites. Among these chemical inducers, talc microparticles
has reported with the most significant impact, resulting in a
13-fold increase in secondary metabolite production (Kuhl
et al. 2021). Nevertheless, their practical application on a
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large scale is hindered by the toxicity of these particles at
high concentrations to microorganisms and the environment.

Both the RGMS and HiTES methods offer extensive
screening capabilities for various chemical and other induc-
ers simultaneously. Additionally, advanced complementary
tools, like the use of Imaging Mass Spectrometry (IMS) with
HiTES, have enhanced the accuracy of data analysis and the
discovery of novel inducers. However, they face two primary
challenges. Firstly, their effectiveness is highly reliant on the
regulatory and transcription factors associated with BGCs,
and their impact varies across different BGCs. Secondly,
their influence on metabolic pathways remains ambiguous
due to gaps in our knowledge of secondary metabolite meta-
bolic pathways. Transposon genes can be utilized to awake
the silent pathways of Actinobacteria which need comple-
mentary analytical approaches such as IMS (Imaging Mass
Spectrometry) and SOM (Self-Organizing Map) in evalu-
ating metabolomics profile of mutants in Actinobacterial
strains. The most beneficial advantages of this method are
identification, analyzing and regulation of several BGC path-
ways instead of using single reporter system for a pathway
(Yoshimura et al. 2020).

The other screening approach of OSMAC, is effective
in activating hidden BGCs in different strains, but is often
time-consuming. In this strategy, the co-culture approach
simulates microbial communication through signal mol-
ecules or cellular components derived from either living or
deceased biomass. The primary challenge within this strat-
egy revolves around the purification of compounds, espe-
cially in co-culture studies where multiple compounds are
simultaneously generated and accumulate. Additionally, the
multitude of variables involved makes altering these vari-
ables for different strains a complex task, which can increase
the number of experimental setups while reducing the focus
on specific BGCs and strains in an OSMAC study. Adopting
similar conditions in the OSMAC method for strains sharing
genetic, physiological, and chemotactic characteristics can
enhance the likelihood of BGC expression. Combining het-
erologous expression with OSMAC methods can also lead
to induction of silent BGCs.

Employing the expression strategy of PPTases can be
regarded as a non-targeted approach to stimulate the NRPS
and PKS or their hybrid. Nevertheless, there are certain
challenges associated with utilizing these enzymes for the
upregulation of secondary including the mutations in PPTase
genes due to the instability of actinomycete genomes and the
inefficacy of some PPTases introduced via horizontal gene
transfer. Additionally, it’s worth noting that this technique,
like HiTES and RGMS, is not all-encompassing in its abil-
ity to comprehensively increase or induce the expression of
various types of BGCs.

The genetic manipulation of Actinobacteria presents
challenges due to factors such as a high GC% content, slow

growth, and specific physiological traits. Moreover, most
genetic engineering methods necessitate tailored adjust-
ments for different strains to achieve satisfactory expres-
sion of BGCs. For instance, heterologous expression has
encountered difficulties in numerous Actinobacterial spe-
cies. Obstacles like the cumbersome cloning of large DNA
fragments, the inability to coordinate the expression of
cloned genes, limitations in the availability of precursors in
the surrogate host, and the potential toxicity of final products
or intermediates to the surrogate host constrain the utility
of heterologous expression for induction of cryptic BGC.
Additionally, not all promoters exhibit uniform effective-
ness in activating BGC expression. While some robust syn-
thetic or natural promoters can effectively induce BGCs, the
key issue lies in the absence of a discernible relationship
between promoters and other genetic or epigenetic factors.
The development of optimized Actinobacteria hosts for path-
way induction necessitates careful host selection, the use of
potent promoters, the overexpression of positive regulators,
and the removal of negative regulators. So far, E. coli, S.
lividans, and S. coelicolor have extensive use as hosts for
heterologous expression of silent BGCs due to attributes like
manipulability and the ease of maintaining growth condi-
tions in a laboratory setting despite their other disadvan-
tages. The analogue of approaches have been used in BGCs
induction in fungal species, or other eukaryotic species like
chromatin remodeling, and mutation of transcription factors
can be assessed in Actinobacteria. Using targeted induction
for pharmaceutical or medical applications is more reason-
able, as the less complex metabolite extract is more impor-
tant compared to compounds that are intended for agricul-
tural applications and can be commercialized as semi-pure
products. Moreover, methods like OSMAC and co-culture
methods are compatible for induction of pathways producing
compounds with agricultural applications as these strategies
mimic the ecological conditions which intervene in the com-
munication and networks of strains.

Furthermore, all traditional methods such as co-culturing,
the utilization of physical, chemical, and biological induc-
ers, and the OSMAC techniques are applicale for strains that
thrive in laboratory settings while the majority of Biosyn-
thetic Gene Clusters (BGCs) are reported from uncultivated
Actinobacteria from metagenomic samples. Therefore, the
primary focus should be directed towards addressing the
challenges associated with genetic manipulation of non-
expressing pathways, including the substantial genome size
of BGC:s for heterologous expression, the high-GC content
in actinobacterial strains, the development of engineering
tools, and the accumulation of systems biology data.

Despite the emerging potential of CRISPR Cas-medi-
ated modulation in BGC induction, limitations arise when
attempting to introduce various CRISPR Cas complement
elements such as recombinases, Cas effector proteins, and
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guide RNAs concurrently. Additionally, BGCs refactoring
and heterologous expression face challenges, including the
cytotoxic effects of Cas9, limited genomic accessibility
in the transformation of recombinant DNA in certain act-
inobacterial strains, and decreased efficiency in multiplex
genome editing (Musiol-Kroll et al. 2019).

Moreover, applying BGC refactoring and heterologous
expression to induce BGC expression can result in increased
chemical diversification within compounds, even for known
BGCs.

In summary, each induction approach possesses limita-
tions, and there is no all-encompassing method capable of
inducing all cryptic pathways as universal BGC inducers.
Most non-genetic induction approaches lack specificity and
often yield random results. In contrast, targeted induction
methods typically apply a rational framework to design opti-
mal engineered hosts or BGCs for the increased production
of known or cryptic BGCs. Despite the simplicity of non-
genetic methods, except for the purification phase, they tend
to be more cost-effective for scaling up the production of
natural products, especially for industrial and agricultural
applications. However, it’s evident that non-genetic methods
have limited success, lack a discernible pattern, and do not
consistently induce BGCs.

Consequently, a combination of biological, chemical, and
physical factors, as exemplified in methods like OSMAC,
can mimic the natural stimulants of the inheret regula-
tory cascade of the BGCs. On the other hand, for medi-
cal applications that require high-purity products due to the
challenges in compound separation, genetic methods or
designing engineered hosts may be necessary. Neverthe-
less, developing new host models for heterologous expres-
sion of BGCs sourced from metagenomic samples is crucial.
Although these methods are not universally successful for all
BGCs, modifying epigenetic factors and employing screen-
ing methods like OSMAC increases the likelihood of BGC
expression.

Future perspectives

Due to the necessity of discovering new bioactive com-
pounds for pharmaceutical and agricultural sectors, new
approaches need to be devised based on genome data to
induce metabolics pathways. However, still the untargeted
approaches such as OSMAC and HiTES are effective in
expressing silent pathways especially in various strains
simultaneously. Furthermore, the probable inducing con-
ditions can be predicted by the aid of machine learning
methods from omic data obtained from OSMAC studies.
Considering the role of environmental microorganisms
as a stimulus in the production of bioactive compounds,
pathogens and pest secretory metabolites is suggested to
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be evaluated in co-culture technique and chemical induc-
ers methods as inducers in the biosynthesis of antimicro-
bials, pesticides and biofertilizers, respectively. Moreover,
increasing the taxonomic diversity of co-cultivated strains
can increase the chemical diversity of the induced SMs.

One of the least investigated parameters in induction of
cryptic pathways in the physical texture of the sorounding
microenvironment of the actinobacterial cells. Nanofiber
with various chemistry, porosity and plasticity can be gen-
erated using electrospinning and be evaluated as inducing
agents of BGCs in Actinobacteria. Moreover, investigating
the inducing effect of dark and light conditions and their
sequence or intervals on the inducton of silent pathways is
suggessted.

On the flip side, improving the cloning techniques or
introducing novel methods like CRISPR Cas9 will increase
the efficiency of BGC engineering and pathway induction.
In addition, developing the optimally engineered actino-
bacterial hosts will decrease the challenges of cloning and
overexpression of BGCs. However, the limitation of cloning
large pieces of DNA, the inability to coordinately express
cloned genes, the limitation in the supply of precursors in
the surrogate host and the possibility of the final product or
intermediates being toxic to the surrogate host need to be
resolved.

Although using active PPTases in optimally engineered
species for increasing polyketides and non-ribosomal pep-
tides production or their hybrid sounds promising, PPTases
with comprehensive efficiency on broad types of PKS and
NRPS are still needed. Overall, for development of univer-
sal method, there is a requirement for discovering enzymes,
regulatory genes, and TFs or PPTases which are common
and effective in various Actinobacterial strains.

Meanwhile, terminators and UTR sequences are regula-
tory sequences which, despite their important role in various
stages of gene expression, have not been well studied in Act-
inobacterial strains. The multi-omics data that is collected
after elicition in OSMAC and HiTES methods is suitable to
find correlation between elicitors and regulatory genes. This
data may be applicable to generate networks from regulatory
genes and transcription factors by systems biology models
with higher accuracy.

The genome mining analysis of Actinobacteria shows
that there are some unique BGCs in Actinobacteria with
no assigned product because of lacking the core biosytnesis
genes or deficiency in regulatory genes or both. In addition,
the regulatory systems of BGCs expression demonstrate that
most of the BGCs are affected by pathway-specific regula-
tor genes. Therefore, unexpressed BGCs may be the result
of partial gene transfer of BGCs in horizontal gene transfer,
and absence of important biosynthetic genes, or regulatory
genes of targeted BGC. Applying the genome mining tools
like antiSMASH to map the structure of targeted BGC is



World Journal of Microbiology and Biotechnology (2024) 40:65

Page 23 0f30 65

needed as the prerequisit step of inducing cyptic BGCs to
explore thebiosynthesis genes, regulatory genes, transporter
genes, and other complementary genetic elements which are
essential for BGCs expression (Skinnider et al. 2017; Blin
et al. 2021).

Notwithstanding novel genome editing, gene transferring,
and cloning techniques like CRISPR Cas9, TAR cloning,
Golden Gate gene assembly, there are still a limitations in
genomes manipulation of Actinobacteria. One of the most
important challenges is transferring BGCs and large-sized
genetic elements. On the other hand, the effect of specific
phages and prophages in horizontal gene transferring that
lead to actinobacterial BGCs variation have been proved.
Using these prophages as genome vectors may be helpful
for manipulation of Actinobacteria, but different factors like
programmability and being resistant in laboratory condition
are necessary (Seshadri et al. 2022).

One of the issues that has paramount importance in heter-
ologous expression of BGCs is selecting an appropriate host.
All non actinomycete hosts for BGCs expression had some
limitations and the number of BGCs that are expressed in
E. coli are not significant, or they are only produced in low
titers. Nevertheless, producing actinobacterial natural prod-
ucts in yeast or other eukaryotic hosts have some challenges
such as codon optimization. In addition, studies show that
well-known Streptomcyes strains like S. lividans, S. avermit-
ilis, S. albidoflavus, and S. coelicolor are still not efficient for
heterologous expression of large BGCs (Hwang et al. 2021).
The advancements in synthetic biology methods enable
the design of genetic elements like TFs, regulatory genes,
promoters, ribosome binding sites, and even biosynthetic
genes for control of BGC expressions. By advance editing,
assembling, and genome engineering methods, developing
optimized and specific engineered hosts for BGC expression
will be feasible in future.

As most of the detected BGCs are identified from envi-
ronmental DNA (36 times the number of BGCs in MIBiG
dataset) (Ma et al. 2023), before applying inducing methods,
first, these BGCs should be coloned in an engineered, sur-
rogate, and culturable host. One of the reasons behind the
failure in induction of the silent pathways or heterologous
expression of environmental BGC is that their transcrip-
tional factor is unclustered with their BGC and often cannot
be found or assigned in BGC prediction algorithms. In it
shown that comparative analysis of mutual rank and Spear-
man-derived coexpression networks can aid in identification
of non-resident transcriptional factors located outside of the
BGCs in fungi (Kwon et al., 2021). Thus, future analysis
of gene coexpression for characterizing the transcriptional
networks are needed for the actinobacterial species with
cryptic pathways (Kwon et al. 2021). The effect of cultural
condition, growth elements, and their corresponding regu-
latory genes is concludable from the effect of inducers that

are applied in non-genetic methods. The interactomic data
in parallel with transcriptomic and metabolomic are also
required to elucidate the molecular regulatory mechanisms
of the pathway awakening by the aid of cultural techniques.

The recent report on the promotion of differentiation in
S. venezuelae following phage infection (Luthe et al. 2023),
support the assumption that the induction of secondary
metabolites upon phage infection is presumably a conven-
tional response in Streptomyces. Function of the induced
secondary metabolites can be attributed to the antagonistic
effect against other bacteriophages or acting as an alarmon
of being infected to the surrounding cell (Kronheim et al.
2023). Thus, actinophage can be employed as global or spe-
cific elicitors of secondary metabolism in Actinobacteria.
Another untargeted approach that we can propose for the
triggering the BGC in Actinobacteria is using the outer
membrane vesicle (OMYV) of other microorganisms which
contain the signal molecules with the nature of protein or
nucleotide. Another targeted approach that still has not been
applied for pathway elicitation in Actinobacteria is employ-
ment of the Non-coding RNA (ncRNA) for which can be
used for inhibiting the trival or known compounds or acti-
vating the transcription of the gene cluster by chromosome
remodeling. However, failure in induction such experiments
can be due the incompleteness of the cluster or the necessity
of a tailoring or regulatory protein which is located out-
side of the gene clusters of that compound. Thus, one of the
demanding applications in the BGC analysis is the tools that
can predict the functionality of the BGC and differentiate
the pathways that are silent from the BGC which are orphan
and incomplete.
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