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Bacteria and fungi are prolific producers of secondary

metabolites, yet they house a multitude of silent biosynthetic

gene clusters that are poorly expressed and whose products

are unknown or ‘cryptic’. Stimulating the expression of these

clusters and accessing their associated molecules is a major

priority, as they are expected to have a veritable cornucopia of

bioactivites. Here, we highlight three strategies that have been

the focus of recent developments. Co-culture and elicitor

screening, genetic regulator investigation and exploitation, and

pathway refactoring and heterologous cluster expression, are

collectively being employed to activate the expression of

cryptic biosynthetic gene clusters (BGCs), and stimulate the

production of novel metabolites having diverse activities.

Address

Michael G. DeGroote Institute of Infectious Disease Research and

Department of Biology McMaster University, 1280 Main Street West,

Hamilton, ON, Canada

Corresponding author: Elliot, Marie A (melliot@mcmaster.ca)
1 Authors contributed equally.

Current Opinion in Microbiology 2019, 51:9–15

This review comes from a themed issue on Antimicrobials

Edited by Mattew I Hutchings, Andrew W Truman and Barrie

Wilkinson

For a complete overview see the Issue and the Editorial

Available online 15th April 2019

https://doi.org/10.1016/j.mib.2019.03.003

1369-5274/ã 2019 Elsevier Ltd. All rights reserved.

Secondary metabolites are not essential for microbial viabil-

ity, and instead are presumed to confer a competitive fitness

advantage to the producing organism under specific condi-

tions. Many bacteria and fungi have been deemed ‘gifted’

producers of secondary metabolites, courtesy of their ability

to synthesize a broad repertoire of these compounds, which

include molecules having medical and agricultural applica-

tion (e.g. antibiotics, antifungals, antitumor, immunosup-

pressants, etc.). Among bacteria, the actinobacteria, and

particularly the streptomycetes, are renowned for their met-

abolic capabilities [1], although groups like the Burkholderia
[2], myxobacteria [3] and cyanobacteria [4] are also prolific

producers of secondary metabolites. Within the fungi, sec-

ondary metabolism predominates among the filamentous

Ascomycetes and Basidiomycetes [5].
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The arrival of the genomic era led to the realization that

the secondary metabolic production potential of these

microbes was in fact far more extensive than anyone had

appreciated. Indeed, the vast majority of secondary

metabolite biosynthetic gene clusters (BGCs) are poorly

expressed in lab environments, and consequently, their

corresponding products are largely unknown, or ‘cryptic’.

Stimulating the synthesis of novel silent and otherwise

cryptic metabolites has been a major priority for both

academia and industry since the discovery of this vast,

untapped metabolic repository.

Many creative strategies have been developed to promote

silent BGC expression and identify their corresponding

metabolites. Recent advances have been concentrated in

three areas: (i) ecological or chemical genetic strategies

that rely on metabolic exchange or small molecule appli-

cation to stimulate secondary metabolism; (ii) genetic

approaches that leverage our understanding of the regu-

latory networks governing secondary metabolism; and

(iii) synthetic strategies that involve manipulating BGCs

in their native background, or capturing clusters and

overexpressing them in heterologous hosts.

Exploiting small molecules and nutrients
Microbes use secondary metabolites as tools for communi-

cation [6], and as chemical weapons during competition for

resources [7]. In their natural environments, sensing the

presence of other microbes – and thus competitors for

nutrients – is predicted to be one of the cues that stimulate

the production of otherwise poorly expressed secondary

metabolites. This idea underlies both the co-culture

approach to stimulating silent metabolite production,

and strategies that mimic such interactions through chemi-

cal elicitor application or nutrient manipulation (Figure 1).

Successfully exploiting the effect of chemical elicitors can

be achieved using different high-throughput strategies

(e.g. Ref. [8]). A recent work involved subjecting Strepto-
myces albus to a wide array of small molecule effectors [9�].
Two compounds – etoposide and ivermectin – led to the

production and identification of 14 distinct metabolites

having varying bioactivities (e.g. antifungal and anti-can-

cer properties) [9�]. Reciprocal approaches have involved

applying a single validated elicitor to a library of bacterial

isolates, and screening these for new activities or new

metabolites (e.g. Ref. [10�]). Coupling such elicitor

screens with imaging mass spectrometry has the potential

to provide sensitive detection of newly stimulated metab-

olites in a wide range of microbes [11].
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Figure 1
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Activating new secondary metabolism by simulating community

interactions. Microbes use metabolites for communication and

competition purposes. Co-culturing different microbes together (top

left, producing circle metabolites), or simulating co-culture through the

application of chemical elicitors (bottom left; blue circles), can

effectively stimulate a target bacterium/fungi to produce otherwise

silent or cryptic metabolites in response (blue stars).
Chemical elicitors come in many forms. Heavy metals can

effectively stimulate secondary metabolism [12], and this

characteristic was recently exploited to yield a new

(otherwise silent) angucycline-type antibiotic, that was

produced in response to nickel supplementation by a

marine streptomycetes [13]. Many chemical elicitors

are themselves bioactive natural products. For example,

ivermectin, recently found to activate new metabolites in

S. albus [9�], is an anti-parasitic compound derived from

the Streptomyces avermitilis product avermectin [14].

Components and derivatives of bacterial cell walls (e.g.

N-acetylglucosamine, mycolic acids), can promote novel

metabolite production when applied to cultures directly

[15] or as a result of interaction during co-culture experi-

ments [16]. This was observed recently with the co-

incubation of S. coelicolor M145 with Amycolatopsis sp.

AA4, where accumulation of galactose (or application of

N-acetylglucosamine) activated the production of the

new antibiotic amycomicin [17�].

In fungi, many metabolic elicitors promote epigenetic

modification. Histone deacetylase inhibitors and DNA

methylation inhibitors are particularly potent activators of

otherwise repressed BGCs (reviewed in Ref. [18]). Nota-

bly, fungal secondary metabolism can also be stimulated

by bacterial-triggered epigenetic changes, as was reported

for Aspergillus nidulans in response to physical interaction

with the bacterium Streptomyces rapamycinius [19]. Co-

culturing these two microbes leads to increased acetyla-

tion of histone H3 in A. nidulans, altered expression of a

globally acting transcription regulator, and ultimate acti-

vation of a formerly cryptic biosynthetic cluster (for

orsellinic acid) in A. nidulans [20��].
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Applying histone deacetylase inhibitors (e.g. sodium

butyrate) to Streptomyces cultures can also stimulate anti-

biotic production [21]. Interestingly, this phenomenon

extends to Streptomyces relatives as well, where sodium

butyrate enhanced production levels of the novel anti-

fungal polyene selvamicin in Pseudonocardia [22]. While

bacteria do not have histones, and consequently these

compounds cannot be acting in the same way as in fungi,

it will be interesting to see whether disrupting the native

chromosome architecture in bacteria also serves to acti-

vate the production of new secondary metabolites.

Manipulating the genetic control of secondary
metabolic clusters
Secondary metabolism in bacteria and fungi is tightly

controlled, and secondary metabolic BGCs are subject to

multi-level transcriptional regulation. Many of these

BGCs encode dedicated cluster-situated regulators, and

these directly control cluster expression [23,24]. Cluster-

independent regulators are also pervasive, and these

typically govern the expression of multiple BGCs

[5,25,26] (Figure 2).

Overexpressing transcriptional activators, or deleting

transcriptional repressors, has been a broadly successful

approach to stimulating the production of secondary

metabolites in bacteria and fungi (e.g. Refs.

[27,28��,29]). Notably, however, the regulatory hierar-

chies governing BGC expression are complex and have

not been fully fleshed out for any system. Consequently,

global regulator manipulation frequently represents an

unbiased approach to silent/cryptic cluster activation,

similar to the chemical elicitor or co-culture-based strat-

egies, in that it is not easy to predict which BGCs will be

expressed and what molecules will be produced. In

bacteria, global regulators typically target cluster-

situated regulators, and further control those clusters

lacking a dedicated regulator (e.g. Refs. [28��,30,31]).
New regulators are continually being identified, and a

recent addition to the global metabolic regulator reper-

toire in the actinobacteria is the conserved MtrAB two

component regulatory system. In Streptomyces venezuelae,
MtrAB govern chloramphenicol biosynthesis [32], while

in Streptomyces coelicolor, this system directly controls the

production of multiple antibiotics [33]. In Burkholderia, a

conserved LysR regulator dubbed ScmR was recently

shown to repress the expression of multiple cluster-

situated regulators and their corresponding clusters; its

deletion led to the activation of uncharacterized BGCs

[28��]. BGC activation has recently been achieved using

‘transcription factor decoys’, whereby the regulatory

regions associated with cluster-situated regulators are

cloned onto multi-copy plasmids. These sequences

can sequester negative global regulators and enable

cluster expression, and detection and characterization

of its associated metabolite [34].
www.sciencedirect.com



Activating silent BGC expression in bacteria and fungi Zhang, Hindra and Elliot 11

Figure 2
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Genetic strategies to activating the expression of silent BGCs. The overexpression of global metabolic regulators (encoded outside of the BGC

and usually targeting the cluster-situated regulatory genes; top) and cluster-situated regulators (bottom) has proven to be a powerful means of

activating the transcription of uncharacterized BGCs.
Within the fungi, secondary metabolism is broadly con-

trolled by the velvet family of regulators, and these in turn

associate with the ubiquitous LaeA methyltransferase,

which itself influences secondary metabolism and cryptic

BGCs in many fungi [35]. As in bacteria, identifying new

global regulators is an active area of research, with recent

discoveries including novel activators [e.g. Refs. 15,28��]
and repressors [e.g. Ref. 29] of secondary metabolism.

In contrast to the global regulators, exploiting the activity

of cluster-situated regulators represents a more targeted

approach to stimulating the expression of BGCs of inter-

est. In fungi, �50% of secondary metabolic BGCs encode

cluster-situated regulators [5]. These regulators are typi-

cally members of the fungal-specific Zn2Cys6-family of

transcription factors, although other family types, both

fungal-specific and eukaryotic-specific, have also been

identified [26,36,37]. In bacteria, cluster-situated regula-

tors typically fall into a handful of transcription factor

classes (e.g. Ref. [23]); however, novel regulatory classes

are still being uncovered. In Streptomyces lincolnensis, the

newly discovered cluster-situated activator of the linco-

mycin A biosynthetic cluster, LmbU, shares little

sequence or predicted structural similarity with other

transcription factors, and appears to represent a new

regulator family [38��,39]. Importantly, LmbU homolo-

gues are associated with secondary metabolic clusters

throughout the actinobacteria.

There is still much to be learned about the control of

BGCs. As the wealth of sequence and genetic/genomic

information continue to emerge, the discovery of new

regulators and regulatory classes will provide new
www.sciencedirect.com 
avenues and opportunities to promote silent or cryptic

BGC expression.

BGC refactoring and heterologous expression
Stimulating new secondary metabolites by manipulating

genetic regulators, while highly effective, requires some

knowledge of the regulatory cascades governing metabo-

lite synthesis. An alternative approach to activating these

clusters involves replacing ‘inactive’ native promoters and

associated regulatory elements, with highly active natural

(e.g. Ref. [40]) or synthetic (e.g. Refs. [41,42]) variants

(Figure 3). One of the first applications of promoter

swapping led to the successful activation of multiple

classes of formerly cryptic BGCs in diverse Streptomyces
species, including type I, II, and III polyketide synthases

(PKS), non-ribosomal peptide synthases (NRPS), hybrid

PKS-NRPS, and phosphonate clusters [43��]. This sort of

genetic manipulation is now being achieved using

CRISPR/Cas9-mediated homology-directed repair. A

range of CRISPR-based systems are now being unveiled,

including systems with a catalytically inactive (dead)

Cas9 enzyme (dCas9) for use in CRISPR-mediated

repression of target genes (CRISPR-interference or

CRISPRi) [44,45]. CRISPRi has been successfully used

to manipulate antibiotic production in the model species

Streptomyces coelicolor [44]. More recently, an alternative

enzyme system has been developed around the Cpf1

nuclease, which should expand the genome editing

potential in the streptomycetes [46�]. Historically, in

non-model BGC-containing bacteria there have been

fewer tools available for cluster activation; however, this

is gradually changing. For example, in Burkholderia, a

recently discovered recombination system is now
Current Opinion in Microbiology 2019, 51:9–15
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Figure 3

Native promoters

Native promoters

Active/synthetic promoters

Active/synthetic promoters

Novel
metabolite
production

Native background

Native background

Heterologous background

Heterologous background

(a)

(b)

(c)

(d)

Current Opinion in Microbiology

Novel metabolite production as a result of pathway refactoring and/or heterologous expression. The promoters of a transcriptionally silent BGC

(a) can be swapped out for more active variants (b), and this can lead to expression of the cluster and production of the associated metabolite

(blue stars). The cluster can also be cloned and introduced into a heterologous host (c), and sometimes this altered environment can be enough

to alleviate the transcriptional repression/stimulate expression of the BGC. In this heterologous system, the cluster can be subjected to promoter

alteration or other genetic editing (d) in an effort to further enhance metabolite yield.
enabling promoter refactoring and accessing of otherwise

cryptic metabolites [47��]. CRISPR-based genome edit-

ing technologies are being developed for different fungi

[48], but they have yet to gain wide-spread use in stimu-

lating silent BGC expression.

Refactoring or modifying silent BGCs in their native

hosts represents the ideal situation; however, not all

microbial hosts can be manipulated genetically, at least

using the currently available genetic tools. Clusters of

interest in these systems can, however, be cloned/cap-

tured and introduced into heterologous hosts for manip-

ulation and overexpression, and strategies for doing this

have been reviewed recently [49].

To date, a universal host for heterologous cluster expres-

sion has proven elusive: fungal clusters are typically

expressed best in fungal hosts, while bacterial clusters

are thought to be most effectively induced in related

hosts, although recent findings are starting to challenge

this view [50�]. Extensive efforts have been dedicated to

developing Escherichia coli as a heterologous system; how-

ever, it lacks key metabolic enzymes needed to generate

sufficient precursors, and while progress is being made, it

is not yet a viable option for many metabolites [51]. A
Current Opinion in Microbiology 2019, 51:9–15 
number of Streptomyces ‘chassis strains’ have been devel-

oped, including genome minimized strains of S. avermi-
tilis [52] and S. albus [53], and a metabolically simplified

strain of S. coelicolor [54]. These have enabled the activa-

tion of a wide range of cryptic natural products, including

lavendiol (from S. lavendulae) [55], venemycin (from S.
venezuelae) [56] and fralnimycin (from Frankia spp.) [53].

In recent years, several cyanobacterial strains have been

developed for the purposes of high-level metabolite

production. Anabaena 7120 has been successfully

employed for the production of the Moorea producens
product lyngbyatoxin A [57], while a Synechococcus-based
platform has been developed to produce polyketide

synthase-derived products [58]. Similarly, multiple

Aspergillus species have been developed for heterologous

BGC expression, and include Aspergillus oryzae [59],

Aspergillus niger [60] and A. nidulans [61]. Saccharomyces
cerevisiae is also emerging as the heterologous host of

choice for many fungal-derived biosynthetic clusters. A

recent large scale developmental effort by Harvey et al.
[62��] yielded a S. cerevisiae strain with improved growth

kinetics and genetic stability, and a suite of autoindu-

cible promoters with delayed induction characteristics

and a range of expression levels. Impressively, when
www.sciencedirect.com
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these promoters were used to refactor a library of unchar-

acterized fungal BGCs, and these were then introduced

into the improved S. cerevisiae strain, >40 new metab-

olites were identified [62��].

Considering the explosion of heterologous host strains

that are being developed, it is worth noting that the same

biosynthetic cluster, when introduced into different

hosts, does not yield equivalent metabolic product levels

[63], suggesting that achieving optimal induction and

yields for any cluster of interest remains a highly empiri-

cal process.

Conclusions
The onset of the genomic era has revealed many hidden

treasures, with the sheer abundance of metabolic poten-

tial hidden within the vast numbers of silent and cryptic

clusters being a major discovery. These clusters are

rapidly beginning to lose their cryptic designation, as

ecological (simulating microbial competition), genetic

(pathway and global regulators) and synthetic (promoter

refactoring, cluster capture, and heterologous expression)

strategies are collectively allowing us to make significant

inroads into accessing this rich metabolic reservoir. Com-

bining strategies, and leveraging new technologies, will

undoubtedly allow us to more comprehensively mine this

increasingly precious metabolic resource.
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6. Romero D, Traxler MF, López D, Kolter R: Antibiotics as signal
molecules. Chem Rev 2011, 111:5492-5505.

7. Davies J: Specialized microbial metabolites: functions and
origins. J Antibiot 2013, 66:361-364.
www.sciencedirect.com 
8. Seyedsayamdost MR: High-throughput platform for the
discovery of elicitors of silent bacterial gene clusters. Proc Natl
Acad Sci U S A 2014, 111:7266-7271.

9.
�

Xu F, Nazari B, Moon K, Bushin LB, Seyedsayamdost MR:
Discovery of a cryptic antifungal compound from
Streptomyces albus J1074 using high-throughput elicitor
screens. J Am Chem Soc 2017, 139:9203-9212.

Describes an interesting high-throughput screening approach using
chemical elicitors targeting a single microbe. This approach permits
comprehensive metabolic profiling of an organism of interest.

10.
�

Craney A, Ozimok C, Pimentel-Elardo SM, Capretta A, Nodwell JR:
Chemical perturbation of secondary metabolism
demonstrates important links to primary metabolism. Chem
Biol 2012, 19:1020-1027.

Investigation that laid the groundwork for high-throughput screening
using chemical elicitors as a tool for activating cryptic metabolism in
the streptomycetes.

11. Xu F, Wu Y, Zhang C, Davis KM, Moon K, Bushin LB,
Seyedsayamdost MR: A genetics-free method for high-
throughput discovery of cryptic microbial metabolites. Nat
Chem Biol 2019, 15:161-168.

12. Weinberg ED: Roles of trace metals in transcriptional control of
microbial secondary metabolism. Biol Met 1990, 2:191-196.

13. Akhter N, Liu Y, Auckloo BN, Shi Y, Wang K, Chen J, Wu X, Wu B:
Stress-driven discovery of new angucycline-type antibiotics
from a marine Streptomyces pratensis NA-ZhouS1. Mar Drugs
2018, 16 pii: E331.

14. Campbell WC, Fisher MH, Stapley EO, Albers-Schönberg G,
Jacob TA: Ivermectin: a potent new antiparasitic agent.
Science 1983, 221:823-828.

15. Rigali S, Titgemeyer F, Barends S, Mulder S, Thomae AW,
Hopwood DA, van Wezel GP: Feast or famine: the global
regulator DasR links nutrient stress to antibiotic production by
Streptomyces. EMBO Rep 2008, 9:670-675.

16. Onaka H, Mori Y, Igarashi Y, Furumai T: Mycolic acid-containing
bacteria induce natural-product biosynthesis in Streptomyces
species. Appl Environ Microbiol 2011, 77:400-406.

17.
�

Pishchany G, Mevers E, Ndousse-Fetter S, Horvath DJ,
Paludo CR, Silva-Junior EA, Koren S, Skaar EP, Clardy J, Kolter R:
Amycomicin is a potent and specific antibiotic discovered with
a targeted interaction screen. Proc Natl Acad Sci U S A 2018,
115:10124-10129.

A community-based co-culture screen that ultimately led to the identi-
fication of a pair-wise interaction that promoted cryptic antibiotic pro-
duction by Amycolatopsis.

18. Gacek A, Strauss J: The chromatin code of fungal secondary
metabolite gene clusters. Appl Microbiol Biotechnol 2012,
95:1389-1404.

19. Nutzmann H-W, Reyes-Dominguez Y, Scherlach K, Schroeckh V,
Horn F, Gacek A, Schumann J, Hertweck C, Strauss J,
Brakhage AA: Bacteria-induced natural product formation in
the fungus Aspergillus nidulans requires Saga/Ada-mediated
histone acetylation. Proc Natl Acad Sci U S A 2011, 108:14282-
14287.

20.
��

Fischer J, Müller SY, Netzker T, Jäger N, Gacek-Matthews A,
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