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Abstract: Actinomycetes are a rich source of bioactive natural products important for novel drug leads. Recent genome mining ap-
proaches have revealed an enormous number of secondary metabolite biosynthetic gene clusters (smBGCs) in actinomycetes. How-
ever, under standard laboratory culture conditions, many smBGCs are silent or cryptic. To activate these dormant smBGCs, several
approaches, including culture-based or genetic engineering-based strategies, have been developed. Above all, coculture is a promis-
ing approach to induce novel secondary metabolite production from actinomycetes by mimicking an ecological habitat where cryptic
smBGCs may be activated. In this review, we introduce coculture studies that aim to expand the chemical diversity of actinomycetes,
by categorizing the cases by the type of coculture partner. Furthermore, we discuss the current challenges that need to be overcome
to support the elicitation of novel bioactive compounds from actinomycetes.
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Introduction
Natural products are organic compounds produced by living or-
ganisms mainly in the form of secondary metabolites, most of
which have therapeutic bioactivity, including antimicrobial, anti-
fungal, and anticancer (Harvey, 2008). The representative sources
of these bioactive secondary metabolites are Gram-positive soil-
living bacteria actinomycetes, particularly Streptomyces, whose
products comprise approximately 70% of commercially available
antibiotics (Nett et al., 2009). From the 1950s to 1970s, the golden
period of antibiotic discovery, a number of compounds produced
by Streptomyces strains were explored and utilized to deal with
infectious diseases (Aminov, 2010; Procopio et al., 2012). How-
ever, after two decades of success, antibiotic discovery became
depressed owing to the continuously increasing rediscovery rate
of known chemical entities, while pathogenic microbes gradu-
ally cultivated antimicrobial resistance to the latest generation
of antibiotics (Koehn & Carter, 2005; Ventola, 2015). Even worse,
currently, the emergence of multidrug-resistant pathogens such
as “ESKAPEE” (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae,Acinetobacter baumannii, Pseudomonas aeruginosa, Enter-
obacter species, and Escherichia coli) has triggered an urgent need
for new and improved antimicrobial drugs (Boucher et al., 2009;
Pendleton et al., 2013; Rice, 2008; Tacconelli et al., 2018).

Recent advances in high-throughput genome sequencing tech-
niques and in silico genome mining tools have elucidated that
actinomycetes, especially Streptomyces, possess a tremendous
number of unexplored secondary metabolite biosynthetic gene
clusters (smBGCs), indicating that the biosynthetic capability of
Streptomyces has been underestimated (Craney et al., 2013; Lee

et al., 2020b). For example, the genome mining of Streptomyces
griseus, a well-known producer of the first aminoglycoside antibi-
otic streptomycin, identified 34 smBGCs in the genome, which in-
clude 28 putative smBGCs in addition to the previously charac-
terized 6 smBGCs (Ohnishi et al., 2008). Considering that 1,110
Streptomyces strains possess approximately 40 smBGCs on average
(Belknap et al., 2020) and that other actinomycete families such
as Pseudonocardiales, Streptosporanqineae, Micromonosporaceae, and
Corynebacteriales have 19.8, 15.0, 13.3, and 8.4 smBGCs per genome,
respectively (Doroghazi et al., 2014), the genetic potential of
actinomycetes has not been fully utilized because most of the
smBGCs are apparently silent (cryptic) under laboratory pure cul-
ture conditions. Secondary metabolites are involved in inter- or
intraspecies interactions in the natural habitat of the producer,
but they are not essential for cell growth. Moreover, secondary
metabolites are assembled by mega-enzyme complexes, the ex-
pression of which requires a large amount of energy and re-
sources. Thus, the expression of smBGCs is inhibited until the ac-
tion of specific environmental stimuli, such as microbial compe-
tition and physical stresses from the natural habitat.

To overcome this limitation, a variety of strategies have been
developed and applied to activate the silent or poorly expressed
smBGCs of actinomycetes. These approaches also provided use-
ful information for understanding the regulatory mechanisms
related to secondary metabolism. The culture-based method
“OSMAC” (one strain many compounds) is one of the basic and
simple ways to activate silent smBGCs (Bode et al., 2002). By
changing culture conditions, including media composition (e.g.,
nutrient contents and chemical elicitors) (Chen et al., 2000; Kawai
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(3) Genomic alteration

Fig. 1. Overview of expanding chemical diversity of actinomycetes via coculture. HGT, horizontal gene transfer.

et al., 2007; Pettit, 2011; Tanaka et al., 2010) or physical param-
eters (e.g., temperature, pH, osmotic stress, and salinity) (Bode
et al., 2002), a single strain can be induced to produce various
molecules. Genetic engineering-based smBGC activationmethods
categorized into targeted (e.g., promoter exchange, heterologous
expression, and cluster-situated regulator engineering) (Laureti et
al., 2011; Luo et al., 2013; Zhang et al., 2017) and non-targeted
(e.g., ribosome engineering and global regulator engineering) ap-
proaches are alsowidely used to induce substantial changes in the
secondary metabolism of actinomycetes (Gao et al., 2012; Hosaka
et al., 2009).

In addition to the aforementioned conventional strategies, co-
culture of different species is also effective in awakening silent
smBGCs. Compared to the conventional strategies, coculture has
the advantage of simplicity in that there is no need of prior knowl-
edge of smBGCs or genetic engineering tools (Reen et al., 2015;
Romano et al., 2018). Furthermore, coculture not only mimics
ecological stresses like nutrient depletion during interspecies
competition (Patin et al., 2018; van Bergeijk et al., 2020), but also
enables real-time monitoring of secondary metabolite bioactivi-
ties toward the participants of coculture via the analysis of mor-
phological changes or cell density (Wu et al., 2010). Under these
conditions, several ideal combinations of the producer and part-
ner (inducer) have been identified, which efficiently induce pro-
duction of novel secondary metabolites, including antibiotics, an-
tifungals, anticancers, and siderophores. However, owing to the
chemical and molecular complexity of microbial interaction, the
precise underlyingmechanisms of the interaction are remarkably
unexplored.

In this review, we briefly introduce the conventional strategies
to awaken the silent smBGCs, and thereafter, focus on the cocul-
ture approach for unlocking the secondary metabolite produc-
tion potential of actinomycetes. Coculture approaches are cate-
gorized into three sections depending on the coculture partners
(Fig. 1): (i) actinomycetes–actinomycetes, (ii) actinomycetes–non-
actinomycetes bacteria, and (iii) actinomycetes–fungi. The differ-
ence between bacteria and fungi as participants in coculture is
presented from the perspective of induced secondarymetabolites,
bioactivity of secondary metabolites, and producer–inducer rela-
tionship. Finally, we highlight the future challenges of increasing
the chemical diversity of actinomycetes using coculture.

Conventional Strategies for Awakening
Silent smBGCs
Genome sequencing and genome mining approaches have re-
vealed numerous potential smBGCs from actinomycetes. How-
ever, most of them are inactive under laboratory culture condi-
tions and only subsets of these smBGCs are produced. To activate
these silent smBGCs, various strategies have been developed that
could be categorized into (i) culture-based strategies and (ii) ge-
netic engineering-based strategies.

In the ecological habitat of secondarymetabolite producers, bi-
otic stresses (e.g., nutrient competitionwith nearbymicrobes) and
abiotic stresses (e.g., acidity, drought, temperature, and salinity)
are prevalent, which stimulate the production of various sec-
ondary metabolites (Cihak et al., 2017). In this respect, altering
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the culture conditions of actinomycetes is a simple and ba-
sic approach for unlocking cryptic smBGCs, which has been la-
beled the OSMAC approach (Bode et al., 2002). Secondary metabo-
lite production is usually initiated when the cell growth slows
down, indicating that exhaustion of a nutrient is a major key for
awakening the silent smBGCs (Bibb, 2005). Therefore, changing
nutrient regimes like carbon, nitrogen, sulfur, phosphorus, or
trace element sources has been implemented for the secondary
metabolite production from actinomycetes. Carbon source, in par-
ticular, is one of themain factors that controls secondarymetabo-
lite production (Sanchez et al., 2010). Rapidly used or preferred
carbon sources, such as glucose, are known to repress the biosyn-
thesis of various secondarymetabolites in actinomycetes (i.e., car-
bon catabolite repression) (Bhatnagar et al., 1988; Sankaran &
Pogell, 1975); thus, decreasing or altering the repressing carbon
source could increase or induce inactivated secondary metabo-
lite production. For example, actinorhodin production by Strep-
tomyces lividans is inhibited when glucose is used as a carbon
source, whereas inhibition is relieved when glucose is replaced
with glycerol (Kim et al., 2001). In addition, modifying physical
culture conditions, including temperature, salt concentration, or
pH, also has a dramatic effect on the hierarchical regulatory
network of actinomycetes and induces the production of novel
secondary metabolites. For example, recently 18 types of thermo-
tolerant actinomycetes were cultured between 30 and 45°C, and
secondary metabolite production was compared. As a result, it
was found that 131 secondary metabolites were produced when
the actinomycetes were cultured at high temperature (Saito et al.,
2020). Production of several secondary metabolites was induced
in order to deal with the changed physical culture condition, as
in the case of Nocardiopsis gilva YIM 90087 that accumulates ec-
toine and hydroxyectoine under salt stress conditions in order to
regulate osmotic pressure (Han et al., 2018).

Genetic engineering-based strategies are promising for activat-
ing either (i) targeted or (ii) non-targeted smBGCs, if genome se-
quences and genetic manipulation tools for target actinomycetes
are available. First, in the case of targeted smBGC activation,
by altering genetic components, such as promoters of smBGC-
encoded genes, expression of silent smBGCs could be stimulated.
Recently, CRISPR/Cas9 systems have been applied to several Strep-
tomyces species, enabling insertion of a strong and constitutive
promoter in the upstream of the core biosynthetic genes or pos-
itive regulatory genes encoded in the target smBGC (Cobb et al.,
2015; Huang et al., 2015; Zhang et al., 2017). For example, acti-
vation of pentangular type II polyketide BGC of Streptomyces viri-
dochromogenes via CRISPR/Cas9-mediated promoter exchange of
themain biosynthetic operon resulted in the production of a novel
pigmented compound (Zhang et al., 2017). Meanwhile, targeted
smBGC awakening in native hosts is often hampered by endoge-
nous complex regulatory systems; thus, in many cases, smBGCs
of interest are expressed in heterologous hosts to bypass the orig-
inal regulatory systems. For instance, a PKS–NRPS-type BGC of
S. griseus containing nine domains of biosynthetic mega-enzyme
was reconstructed and heterologously expressed in S. lividans, re-
sulting in the production of three novel tetramic acid-containing
macrolactams (Luo et al., 2013).Additionally, non-targeted smBGC
activation relies on reshaping the global transcriptome or trans-
latome via genetic engineering, followed by analyzing the change
in produced secondarymetabolite pools. A representativemethod
involves altering the expression of pleiotropic transcriptional reg-
ulators. For instance, overexpression of cyclic AMP receptor pro-
tein (Crp), which is a transcription regulator involved in diverse
cellular processes, enhanced secondary metabolite production

ability of various Streptomyces species, including S. coelicolor (Gao
et al., 2012). In addition, introducing mutations in RNA poly-
merase or ribosomal proteins to change transcriptional or trans-
lational activity, respectively, led 66 strains out of 353 soil-
isolated actinomycetes to acquire an antibacterial-producing
ability (Hosaka et al., 2009).

Coculture of Actinomycetes
Coculture is another effective culture-based strategy for discover-
ing novel bioactive secondary metabolites from microorganisms
by mimicking the environmental habitat where microbes contin-
uously interact with nearby residents. It is defined as “coculture
or co-cultivation” when performed on solid media, such as Petri
dishes or a solid support system, and called “mixed fermenta-
tion” when performed in liquid media, such as co-fermentation,
transwell, microfluidic, or droplet culture systems (Tan et al.,
2019). Compared to conventional strategies, coculture offers com-
plex and unpredictable stimuli over the sole nutrient or physical
condition changes, allowing microbes to produce various novel
secondary metabolites, which are not observed in pure culture
conditions (Abdelmohsen et al., 2015). Also, coculture en-
ables the real-time bioactivity screening of newly induced
secondary metabolites when producers are cocultured with tar-
get pathogens. Furthermore, the coculture method is benefi-
cial not only for awakening novel secondary metabolites but
also for comprehending microbial interactions related to com-
plex regulations of secondary metabolite production. In this con-
text, coculture methods have been intensively applied to bacte-
ria and fungi, especially to actinomycetes (Abdelmohsen et al.,
2015; Yu et al., 2019). In this section, various actinomycete co-
culture studies are classified into three categories, depending
on the type of coculture partner, as follows: (i) actinomycetes–
actinomycetes, (ii) actinomycetes–non-actinomycetes bacteria,
and (iii) actinomycetes–fungi.

Actinomycetes Coculture With Actinomycetes
Streptomyces coculture with Streptomyces
More than 3,000 species of Streptomyces reside together in their
ecological habitats and numerous interspecies interactions ex-
ist within them (Christova et al., 1995); therefore, many attempts
have been made to coculture different Streptomyces species to ex-
pand the chemical diversity of Streptomyces (Table 1). For example,
coculture of 76 Streptomyces species revealed that production of
various antibiotics or sporulation was induced in 72 combinations
(Ueda et al., 2000). Interspecies interaction mediated by diffusible
substrates (e.g., γ -butyrolactones [GBLs] and secondary metabo-
lites themselves) is regarded as a general factor triggering the sec-
ondary metabolism during Streptomyces–Streptomyces coculture.
Especially, GBLs (e.g., A-factor, virginiae butanolides, and IM-2) are
well-known and widely distributed signaling molecules involved
in communications of Streptomyces species (Niu et al., 2016). GBLs
produced from various Streptomyces species including S. viridochro-
mogenes, S. bikiniensis, and S. cyaneofuscatus induced antibiotic pro-
duction, cellular differentiation, and aerial mycelium formation
of S. griseus, as A-factor, the GBL of S. griseus, did (Grafe et al., 1983;
Hara & Beppu, 1982; Horinouchi & Beppu, 1992; Khokhlov et al.,
1973; Yamada et al., 1987).

Secondary metabolites themselves also play crucial role in
promoting production of various secondary metabolites be-
tween Streptomyces–Streptomyces interactions. Among the sec-
ondary metabolites, iron-chelating compound, siderophore, is
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a type of secondary metabolite that stimulates secondary
metabolism, such as antibiotic production or development of
another nearby species (Challis & Hopwood, 2003). Desferriox-
amine E, which is a siderophore produced by S. griseus, stimu-
lated growth and antibiotic production of Streptomyces tanashien-
sis (Yamanaka et al., 2005). In addition, siderophores made by
four different Streptomyces species and Amycolatopsis sp. AA4 in-
duced production of γ -actinorhodin, prodiginine, or 12 different
desferrioxamines from S. coelicolor (Traxler et al., 2013).While iron
competition with neighboring strains is suspected to be the rea-
son for increased secondary metabolite production of S. coelicolor,
the underlyingmechanism inducing the other secondarymetabo-
lites remains to be elucidated. Meanwhile, non-siderophore sec-
ondarymetabolites were also involved in Streptomyces interspecies
communications. For example, polyether antibiotic promomycin,
produced by Streptomyces stain 153, induced the production of
unknown antibiotics from other Streptomyces species. Polyether
antibiotics act as ionophore, which increases K+ ion efflux
through cell membrane by forming pores; thus, it is supposed
to inhibit bacterial growth and induce the production of antibi-
otics. Indeed, other polyether antibiotics including salinomycin,
monensin, and nigericin all promoted the antibiotic production
of Streptomyces strain 574 (Amano et al., 2010). Taken together,
Streptomyces–Streptomyces coculture examples pointed out that
signaling molecules involved in interspecies interactions between
Streptomyces species triggered production of cryptic secondary
metabolites and other interaction-mediating chemicals have the
potential to be utilized as cues for increasing the chemical diver-
sity of Streptomyces.

Streptomyces coculture with non-Streptomyces actino-
mycetes
In addition to Streptomyces–Streptomyces coculture, intergenus in-
teractions between Streptomyces and non-Streptomyces actino-
mycetes have also been exploited to activate dormant smBGCs
of Streptomyces (Table 1). Coculturing S. lividans with 400 dif-
ferent bacteria discovered that Tsukamurella pulmonis, a rare
actinomycete, is an effective coculture partner that activated
prodiginine production by S. lividans (Onaka et al., 2011). In addi-
tion, several Tsukamurella-related actinomycetes such as Rhodococ-
cus, Corynebacterium,Nocardia,Dietzia, Gordonia,Mycobacterium, and
Williamsia showed the same effect (Onaka et al., 2011). Common
characteristic of these close actinomycetes is the presence of my-
colic acid in the outer layer of the cells, so they are called my-
colic acid-containing bacteria (MACB). These MACB have been
widely cocultured with various Streptomyces species, and conse-
quently induced production of numerous secondary metabolites
with a variety of bioactivity including antibacterial (e.g., alchive-
mycin, prodiginine, streptoaminals, and gordonic acid) (Onaka
et al., 2011, 2015; Park et al., 2017; Sugiyama et al., 2016), anti-
fungal (e.g., 5a-THQ and streptoaminals) (Sugiyama et al., 2015,
2016), and cytotoxic (e.g., BE-13793C, arcyriaflavin E, and cho-
jalactones A–C) (Hoshino et al., 2015b). Coculturing MACB with
non-Streptomyces actinomycetes also successfully awakened sev-
eral cryptic smBGCs. For example,Mycobacterium sp. and Rhodococ-
cus sp. induced production of several secondary metabolites from
12 out of 65 marine invertebrate-associated Micromonosporaceae
(Adnani et al., 2015).

However, the underlying mechanism of MACB coculture is still
ambiguous. Most of MACB coculture studies argued that physical
cell-to-cell contact between actinomycetes and live MACB cells is
required for inducing secondary metabolite production of actino-
mycetes, because both MACB culture extract treatment and dead

MACB cell coculture were not able to induce secondary metabo-
lite production (Onaka et al., 2011). On the contrary, keyicin pro-
duction of Micromonospora sp. WMMB235 was still observed when
only the chemical substance from MACB was treated, indicating
that physical contact is not required (Adnani et al., 2017). More-
over, there is a report that horizontal gene transfer betweenMACB
and actinomycetes induces the production of a novel secondary
metabolite called rhodostreptomycin, although MACB is the pro-
ducer and its partner actinomycete is the inducer in this case
(Kurosawa et al., 2008). Overall, silent or poorly expressed smBGCs
of actinomycetes could be induced by coculture between actino-
mycetes (Table 1). Interspecific signalingmolecules between Strep-
tomyces species, including siderophore, and intergenus communi-
cations betweenMACB and actinomycetes triggered production of
numerous bioactive compounds. Further mechanical studies on
the microbial interactions that trigger the secondary metabolism
will provide valuable information to understand the regulatory
network of secondary metabolism and to increase the chemical
diversity of actinomycetes.

Actinomycetes Coculture With
Non-Actinomycetes Bacteria
Actinomycetes coculture with predatory bacteria
As actinomycetes dwell in various habitats with diverse species,
they have long evolved while interacting with many coexisting
bacteria (Baltz, 2008; Jose & Jebakumar, 2012; Quillet et al., 1995).
Among these bacteria, several predatory groups, which feed on
nearby bacterial cells in the environmental habitat, are attractive
coculture partners to stimulate protective response of the acti-
nomycetes. For example, when motile predator bacteria Myxococ-
cus xanthus was cocultured with S. coelicolor, M. xanthus secreted
lytic enzymes, which triggered abnormal hyphae formation of S.
coelicolor, and S. coelicolor produced actinorhodin to repel the in-
trusion of the M. xanthus (Perez et al., 2011). Although other bac-
teria, including several Bacillus species (B. megaterium, B. subtilis,
and B. thuringiensis) and Serratia sp., slightly induced the produc-
tion of actinorhodin from S. coelicolor,M. xanthuswas the strongest
inducer, representing the potential of predatory bacteria as cocul-
ture partner (Perez et al., 2011) (Table 2).

Recently, transcriptome analysis on bothM. xanthus and S. coeli-
color during coculture revealed that iron competition between
them, not physical contact, triggered actinorhodin production of
S. coelicolor (Lee et al., 2020a). During coculture, S. coelicolor actively
absorbed the extracellular iron, causing M. xanthus to face an
iron-reduced environment. To respond to the iron-depletion con-
dition, M. xanthus upregulated biosynthesis of siderophore, myx-
ochelin, and myxochelin-mediated iron uptake systems, leading
M. xanthus to dominate iron scavenging. Consequently, S. coeli-
color experienced an iron-restricted condition and activated acti-
norhodin production along with upregulating branched amino
acid catabolism, which implies the potential to produce precur-
sors of actinorhodin. Based on these results, seven Streptomyces
species (i.e., S. subrutilus, S. kanamyceticus, S. coeruleorubidus, S.
cinereoruber, S. roseosporus, S. rimosus, and S. venezuelae) were cul-
tured in iron-restricted conditions, resulting in upregulation of 21
smBGCs out of a total of 260 smBGCs in seven species’ genomes.
Among secondary metabolites expected to be produced from
upregulated smBGCs, several secondary metabolites, including
actinorhodin, cosmomycin D, and chloramphenicol, possess puta-
tive iron-interacting sites, implying that these secondary metabo-
lites might have both antibiotic and iron-chelating functions,
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Table 2. Actinomycetes and Non-Actinomycetes Bacteria

Producer Inducer
Induced compounds and
bioactivity

Category
(producer–
inducer) References

Streptomyces coelicolor M145 Myxococcus xanthus
Bacillus megaterium
Bacillus subtilis
Bacillus thuringiensis
Serratia sp.

Actinorhodin (antibiotics) S–PRB Perez et al.
(2011)

Streptomyces coelicolor M145 Myxococcus xanthus Actinorhodin (antibiotics)
Myxochelin from M. xanthus

(siderophore)

S–PRB Lee et al.
(2020a)

Streptomyces sp. PTY087I2 Methicillin-sensitive Staphylococcus
aureus

Methicillin-resistant Staphylococcus
aureus

Pseudomonas aeruginosa

Granatomycin D (antibiotics)
Granaticin (antibiotics)
Dihydrogranaticin B

S–PAB Sung et al.
(2017)

Streptomyces albogriseolus B24 Bacillus cereus Dentigerumycin E (anticancer) S–PAB Shin et al.
(2018)

Streptomyces clavuligerus
(adapted by ALE)

Staphylococcus aureus N315 Holomycin (antibiotics) S–PAB Charusanti
et al. (2012)

Streptomyces coelicolor M145 Staphylococcus aureus (heat-killed
cell)

Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–PAB Luti and
Mavituna
(2011)

Streptomyces sp. PTY087I2 Bacillus subtilis Granatomycin D (antibiotics)
Granaticin (antibiotics)
Dihydrogranaticin B

S–NB Sung et al.
(2017)

Streptomyces coelicolor Bacillus subtilis (bacillaene-deficient) Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–NB Straight et al.
(2007)

Streptomyces coelicolor M145 Bacillus subtilis (heat-killed cell) Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–NB Luti and
Mavituna
(2011)

Streptomyces sp. Mg1 Bacillus subtilis 3610 Chalcomycin A (antibiotics) S–NB Barger et al.
(2012)

Streptomyces lividans Bacillus subtilis (bacillaene pks
operon deletion)

Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–NB Vargas-
Bautista
et al. (2014)

Streptomyces sp. Bacillus mycoides Bacillamides A–C (algicidal)
N-Acetyltryptamine (algicidal)
N-Propanoyltryptamine (algicidal)

S–NB Yu et al.
(2015)

Streptomyces coelicolor M145 Escherichia coli Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–NB Mavituna
et al. (2016)

Streptomyces coelicolor M145 Corallococcus coralloides B035 Undecylprodigiosin (antibiotics,
immunosuppressive, and
anticancer)

S–NB Schaberle
et al. (2014)

Streptomyces venezuelae
(methyltransferase from
S. avermitilis)

Engineered Escherichia coli O-Methylated phenylpropanoids
(antibiotics)

Multimethylated phenylpropanoids
(antibiotics)

S–NB Cui et al.
(2019)

Streptomyces
griseorubiginosus 43708

Pseudomonas maltophilia 1928 Biphenomycins A and C
(antibiotics)

S–NB Ezaki et al.
(1992, 1993)

Streptomyces tenjamariensis
SS-939 ATCC31603

12 unidentified bacteria Istamycins A and B (antibiotics) S–NB Slattery et al.
(2001)

Streptomyces sp. B033 Brucella neotomae ATCC 23459
Burkholderia vietnamiensis ATCC

BAA-248
Yersinia pestis A1122
Xanthomonas axonopodis ATCC 8718

Resistomycin (antibiotics) S–NB Carlson et al.
(2015)

Streptomyces cinnabarinus
PK209

Alteromonas sp. KNS-16 Lobocompactol (antifouling,
antioxidant, and anticancer)

S–NB Cho and Kim
(2012)

S: Streptomyces; PRB: predatory bacteria; PAB: pathogenic bacteria; NB: non-actinomycetes bacteria.
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which would be highly advantageous during iron competition
with nearby microbes (Lee et al., 2020a).

Actinomycetes coculture with pathogenic bacteria
Human pathogenic bacteria such as Staphylococcus aureus have
been tried to coculture with actinomycetes due to the advan-
tage in real-time screening of induced secondary metabolites’
bioactivity against pathogenic bacteria (Table 2). For example,ma-
rine Streptomyces sp. PTY08712 was isolated from a complex tuni-
cate community and cocultured with antibiotic-resistant human
pathogens, including methicillin-sensitive S. aureus, methicillin-
resistant S. aureus (MRSA), and P. aeruginosa. As a result, coculture
extracts showed increased bioactivity against human pathogens,
except P. aeruginosa, which results from enhanced production
of three secondary metabolites: granatomycin D (antibacterial),
granaticin (strong antibacterial), and dihydrogranaticin B (not
known) (Sung et al., 2017).Aswith coculturing actinomyceteswith
stressors, coculturing with antibiotic-resistant pathogens could
stimulate production of novel secondary metabolites effective
to them. So far, why and how actinomycetes produce bioactive
compounds against pathogenic bacteria have not been fully re-
vealed, but from the example of S. coelicolor cultured with heat-
killed pathogenic bacteria S. aureus, antibiotic producer S. coeli-
color might recognize some proteins like receptors on the surface
of pathogenic bacteria via physical cell-to-cell contact (Luti &
Mavituna, 2011). Still, further revelation of mechanism is needed
for elucidation of novel bioactive secondary metabolites from
actinomycetes–pathogenic bacteria coculture.

Sometimes, actinomycetes require long-term microbial inter-
action to acquire the ability to produce antibiotics against nearby
microbes.Continuous adaptive laboratory evolution (ALE) of Strep-
tomyces clavuligerus implementing coculture with MRSA as a driv-
ing force resulted in S. clavuligerus acquiring the ability to con-
stitutively produce a pyrrothine class of antibiotic, holomycin,
which inhibits growth of MRSA. Competition between the twomi-
crobes led to genomic mutations of S. clavuligerus, including loss
of megaplasmid and five single-nucleotide polymorphisms,which
might affect the secondary metabolism (Charusanti et al., 2012).
These results indicate that long-term coculture can activate silent
smBGC by inducing genetic mutations, which keep silent under
short-term coculture.

Actinomycetes coculture with other bacteria
Well-characterized model bacteria such as B. subtilis and E. coli
have also been utilized as coculture partner with actinomycetes.
For example,when Streptomyces sp.Mg1 was cocultured with com-
petitor B. subtilis, chalcomycin A, which inhibits growth and even
lyses B. subtilis, was produced by Streptomyces sp. Mg1 (Barger
et al., 2012). Also, both live and heat-killed B. subtilis activated
the undecylprodigiosin production of S. coelicolor and S. lividans
(Luti & Mavituna, 2011; Straight et al., 2007; Vargas-Bautista et
al., 2014). In addition, coculturing other Bacillus species such as B.
mycoides and B. cereus with Streptomyces species activated produc-
tion of bioactive secondary metabolites including algicides (e.g.,
bacillamide and tryptamines) (Yu et al., 2015) and antibiotics (e.g.,
dentigerumycin E), which are protective against B. subtilis (Shin
et al., 2018). Meanwhile, in case of E. coli, when S. coelicolor was co-
cultured with live E. coli cell, undecylprodigiosin production of S.
coelicolorwas 3.5-fold increased, whereas actinorhodin production
was 15-fold decreased. This secondary metabolism change was
proven to be induced from the chemical compound in cell-free
supernatant of E. coli (Mavituna et al., 2016).

Taken together, a broad range of bacteria has been utilized to
trigger the production of numerous secondary metabolites from
actinomycetes (Table 2). Predatory microbes and competitive par-
ticipants, including human pathogens and model bacteria, have
been cocultured with actinomycetes to induce production of de-
fensive or inhibitory secondary metabolites, which have the po-
tential for the development of antibiotics. Nevertheless, many of
underlying principles of secondary metabolite production have
not been clearly elucidated, which hinders further understanding
of communications between actinomycetes and bacteria.

Actinomycetes Cocultured With Fungi
Actinomycetes as a producer
Fungal species have been revealed to possess about 50 cryptic
smBGCs per genome like actinomycetes (Nierman et al., 2005;
Pel et al., 2007; Wortman et al., 2009) and many fungi coexist
with actinomycetes in various ecological habitats, implying inter-
kingdom interactions between them are commonly present (Frey-
Klett et al., 2011; Hibbing et al., 2010; Kroiss et al., 2010). Indeed,
interaction between actinomycetes and fungi activated the sec-
ondarymetabolism of actinomycetes (Table 3). For example,when
S. lividans was cocultured with Verticillium dahlia, the production
of the antibiotic undecylprodigiosin was upregulated. Undecyl-
prodigiosin strongly reduced the microsclerotia formation of V.
dahlia, possibly by interfering with the signal transduction path-
way (Meschke et al., 2012). Another example is that coculturing
Streptomyces leeuwenhoekii C58 with Aspergillus fumigatus MR2012
in various culture media induced the production of nocardamine,
pentalenic acid, and chaxapeptin by S. leeuwenhoekii C58, but none
of these metabolites were proved to have antifungal bioactivity
(Wakefield et al., 2017).

Fungi as a producer
Unlike the above examples, in most cases of actinomycetes–fungi
interactions, fungi, especially Aspergillus species, act as producers
while actinomycetes induce the secondary metabolism of fungi
(Table 3). Coculturing Aspergillus nidulans with a collection of 58
soil-dwelling actinomycetes is a representative example of acti-
vating silent fungal smBGCs by coculture with actinomycetes. As
a result, four secondarymetabolites (orsellinic acid [OA], lecanoric
acid [LA], F-9775A, and F-9775B) were produced from A. nidulans
only when cocultured with Streptomyces hygroscopicus (renamed as
Streptomyces rapamycinicus). Interestingly, further analysis revealed
that physical interaction between A. nidulans and S. rapamycini-
cus is required for inducing the secondary metabolism of A. nidu-
lans (Schroeckh et al., 2009). It was discovered that physical con-
tact between the two organisms triggered histone acetylation of
the OA-encoding ors gene of A. nidulans by histone acetyltrans-
ferase Saga/Ada complex, ultimately inducing OA and LA pro-
duction (Nutzmann et al., 2011). The latest study elucidated that
transcriptional factor BasR acts as a central “node” for linking ex-
ternal signals from physical interaction with actinomycetes and
secondarymetabolic regulation, including OA production (Fischer
et al., 2018). In addition, the fungal speciesA. fumigatuswas cocul-
tured with the inducer S. rapamycinicus, resulting in the produc-
tion of fungal secondarymetabolites fumicyclines A and B and fu-
migermin (Konig et al., 2013; Stroe et al., 2020). In the case of fumi-
cyclines A and B, the same principle of histone modifications was
working when S. rapamycinicus was cocultured with A. fumigatus,
whereas in the case of fumigermin, it was not clarified whether
elicitation was via histone modification or not (Konig et al., 2013;
Stroe et al., 2020). As for the bioactivity of induced compounds,
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fumicyclines A and B showed antibacterial effect to S. rapamycini-
cus and fumigermin inhibited germination of S. rapamycinicus, in-
dicating that compounds induced during coculture with S. ra-
pamycinicus are considered as fungal defensive systems.

We categorized actinomycetes–fungi coculture into two sec-
tions: (i) actinomycetes as a producer and (ii) fungi as a producer.
Despite this, chemical and physical interactions between the two
kingdoms often cause complex metabolic shifts of both organ-
isms to produce various secondary metabolites as a defensive re-
sponse (Table 3). Considering that most of the aforementioned
cases have been focused on analyzing a few induced secondary
metabolites, it is expected that there may have been more diverse
alterations in secondarymetabolite production than reported. For
example, Aspergillus sp. CMB-StM0423 produces a bacteriostatic
compound, diketopiperazine, when cocultured with Streptomyces
sp. CMB-StM0423 (Khalil et al., 2019). Actually, diketopiperazines
are common secondary metabolites and are known to be overpro-
duced byAspergilluswhen coculturedwith Streptomyces (Wakefield
et al., 2017; Wu et al., 2015). Transcriptome analysis revealed that
diketopiperazine stimulated Streptomyces to repress nitric oxide
(NO) dioxygenase, which reduced the level of NO gas in the cell,
resulting in a high intracellular concentration of NO gas. As a re-
sult, a high concentration ofNO-activated novel smBGCs and anti-
fungal compound, heronapyrrole B, was produced by Streptomyces
(Khalil et al., 2019). In addition, whenmarine-derived Streptomyces
rochei MB037 was cultured with the fungi Rhinocladiella similis, two
novel antibacterial borrelidins, J and K, were produced by S. rochei
and one antibacterial chromone was produced by R. similis (Yu et
al., 2019).

Overall, actinomycetes act as both inducer and producer when
cocultured with various fungal species (Table 3). In some in-
stances, actinomycetes trigger epigenetic modification of fungi,
resulting in complex secondary metabolism changes, and some-
times fungi produce certain secondary metabolites, which alter
the secondary metabolism of actinomycetes. The interaction be-
tween fungi and actinomycetes is mainly attack and defense, so
if coculturing pathogenic actinomycetes or pathogenic fungi, it
seems likely novel secondary metabolites that can kill each other
will be discovered.

Conclusion
To date, numerous bioactive secondary metabolites have been
elicited through coculture of actinomycetes with various bacte-
ria or fungi. Coculture provides complex stimuli, which dramati-
cally affect secondary metabolism of actinomycetes, and allows
the real-time bioactivity screening of newly induced secondary
metabolites; thus, it is highly advantageous to the discovery of
novel bioactive secondary metabolites with triggering mecha-
nisms. However, the coculture method is often irreproducible and
inappropriate for large-scale culture to produce target secondary
metabolites abundantly. Yet, the secondary metabolite induction
stimuli elucidated from coculture study can be exploited in in-
dustrial applications for secondary metabolite production by sin-
gle culture. Thus, a precise and comprehensive understanding of
the underlying coculture mechanism is a top priority (Lee et al.,
2020a).

After examining the previous reports in an effort to discover
the underlying principles of coculture, inductionmechanisms can
be categorized into three scenarios (Fig. 1): (i) physical interac-
tions, (ii) chemical communications (e.g., nutrient competition
and quorum sensing), and (iii) genomic alteration (e.g., horizontal
gene transfer and genomic mutation by ALE). However, still only a

few in-depth studies about the genetic regulatory network linked
with those inducing signals. For example, physical cell-to-cell in-
teractions between fungi and Streptomyces triggered chromosome
acetylation of fungi, which implies not just physical interaction
itself but also a further underlying mechanism to bring out the
secondary metabolism changes (Nutzmann et al., 2011). In recent
years, various tools have been developed and applied for elucidat-
ing these inducing mechanisms during coculture. In particular,
transcriptomic analysis enables the examination of the genetic
responses of each coculture participant. Functional analysis of
differently expressed genes during coculture allows tracing the
triggering factors and responses of producer and inducer. In addi-
tion, comparative proteomic and metabolic analysis between ax-
enic culture and coculture enables the clarification of the dynam-
ics of proteins and molecules related to secondary metabolism.
Multi-omics technology-based mechanical studies on the cocul-
ture will improve our understanding of the secondary metabolic
regulation of actinomycetes.

Moreover, previous cocultures of actinomycetes were limited in
range of culture partner, which may have restricted the range of
secondary metabolism involved; therefore, coculture with more
diverse partners, such as amoeba or phages, is needed (Klapper
et al., 2016; Kronheim et al., 2018). For instance, cocul-
turing actinomycetes with double-stranded DNA phages un-
veiled a secondary metabolism of Streptomyces involved in de-
fense against phage infection (Kronheim et al., 2018). Ac-
cumulation of diverse microbial coculture studies will help
us to understand the relationship between coculture condi-
tions (e.g., coculture partner, culture media, and culture type)
and type of induced secondary metabolites. Indeed, recent
comprehensive analysis demonstrating the induction of 259
compounds via coculture revealed that production of “lin-
ear polyketides, oxylipins, and fatty acids” and “cyclic pep-
tides, diketopiperazines, and related compounds” seems to oc-
cur mostly during liquid fermentation compared to solid cocul-
ture, independent of the type of coculture participants (Arora
et al., 2020). As pointed out in the study, lack of information pro-
vided by previous coculture studies is the main hurdle to com-
prehensive understanding; thus, general guidelines are needed
for the coculture studies to provide accurate and sufficient
information.

In conclusion, numerous coculture studies have successfully
discovered novel secondary metabolites from actinomycetes to
date, but even so, the precisemechanisms of interaction are rarely
understood. Broader and deeper identification of the inducing
mechanisms during coculture is required to understand complex
secondary metabolic regulation and to set directions to genetic
engineering-based strategies for inducing or increasing produc-
tion of target secondary metabolites.
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