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Abstract

Actinomycetes are prolific sources of bioactive molecules. Traditional workflows including
bacterial isolation, fermentation, metabolite identification, and structure elucidation have resulted
in high rates of natural product rediscovery in recent years. Recent advancements in multi-omics
techniques have uncovered cryptic gene clusters within the genomes of actinomycetes, potentially
introducing vast resources for the investigation of bioactive molecules. While developments in
culture techniques have allowed for the fermentation of difficult-to-culture actinomycetes, high
throughput metabolite screening has offered plenary tools to accelerate hits discovery. A variety of
new bioactive molecules have been isolated from actinomycetes of unique environmental origins,
such as endophytic and symbiotic actinomycetes. Synthetic biology and genome mining have
also emerged as new frontiers for the discovery of bioactive molecules. This review covers the
highlights of recent developments in actinomycete-derived natural product drug discovery.
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Introduction

The Actinomycetales are an order of bacteria that are widely recognized as prolific
producers of bioactive specialized metabolites. The Actinomycetales exhibit complex life
cycles, a filamentous morphological appearance, and high guanine and cytosine (G+C)
content in their genomes (Barka et al. 2016). The metabolic products of actinomycetes
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display a wide range of biological activities relevant to human health, agriculture, and

the economy. With the early discovery of antibiotics in the 1940s and 50s, actinomycetes
continue to be the richest source of antibiotics. In fact, actinomycetes have been described
as microbial cell factories. During the past 80 years, thousands of metabolites with
antibacterial and other important biological activities have been isolated, many of which
represent a major portion of the current antibiotic repertoire. More than one-fourth of

all microbial bioactive metabolites (estimated to be 80,000-100,000) are produced by
actinomycetes (Bérdy 2012). Actinomycete-derived natural products and their synthetic
derivatives continue to represent a significant portion of the clinically used antibiotics.
Notably, more than 70% of actinobacterial metabolites exhibit antimicrobial activities
(Bérdy 2012), and 64% of the known natural product antibiotic classes are produced

by filamentous actinomycetes (Hutchings et al. 2019). The majority of clinically used
antibiotic classes, such as beta-lactams (Paradkar 2013), macrolides (Arsic et al. 2018,
Elshahawi et al. 2015), aminoglycosides (Krause et al. 2016), glycopeptides (Butler et al.
2014), tetracyclines (Grossman 2016), and ansamycins (Floss and Yu 2005) are produced
by actinomycetes. Other clinically relevant products of actinobacterial origins include
immunosuppressants (e.g. FK 506, rapamycin), anti-cancer agents (e.g. doxorubicin),
antiparasitic agents (e.g. avermectins for animal use), and antidiabetic agents (e.g. acarbose).
Similarly, actinomycetes are known to produce other bioactive metabolites, such as enzyme
inhibitors, larvicides, herbicides, and the commercially used insecticide spinosad (Bacci et
al. 2016, Deepika et al. 2012, Imada 2005).

Research interest in discovering new pharmacophores from actinobacterial origins remains
high, however, new approaches must be adopted to identify new chemical entities. The
rediscovery of known metabolites and the diminishing number of novel chemical scaffolds
have been major setbacks of traditional antibiotics discovery programs for years. In addition,
the availability of clinically interchangeable antibiotics resulted in market saturation, which
contributed in part to the closure of industrial actinomycete investigation programs by big
pharma (Payne et al. 2007, Renwick and Mossialos 2018). In light of rapidly expanding
genomics, proteomics, bioinformatics, and culture techniques, new research thrusts have
generated novel hypotheses and knowledge gaps, fueling the drive to discover new
chemistries from actinobacteria. The publication of research works on actinomycetes has
sustained a linear growth for the past 20 years (Fig. 1), and there was a total of 11,088
scholarly entries from 1940 to 2019 on the ISI Web of Knowledge.

The discovery of antibiotics has largely relied upon the cultivability of producer microbes
ever since the discovery of penicillin in the mid-nineteenth century. Cultivability can be a
major hurdle for scale-up production even after the discovery of novel products. Most of
the clinically useful antibiotics of bacterial origin have been discovered using conventional
screening and laboratory cultivation methods. However, it is now established that less than
1% of the bacteria can be cultured with standard culture methods (Vartoukian et al. 2010)
revealing a vast reserve of yet untapped resources - the so-called “unculturable” bacteria.
This same trend of cultivability also rings true for the Actinobacteria— only 1% of existing
Actinomyecetales are thought to have been cultured (Bérdy 2012). Whole-genome data of
the first sequenced actinomycete Streptomyces coelicolor A3(2) (Bentley et al. 2002) and
many others thereafter revealed that the metabolites isolated from cultures represent only
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a small fraction of their genetic potential of producer bacteria. For instance, the genome
of Streptomyces rochei 1434AN4, the producer of lankamycin and lankacidin, contains

at least 35 additional secondary metabolites biosynthetic gene clusters, including clusters
for the polyene macrolide pentamycin and the azoxyalkene compound KA57-A (Nindita
et al. 2019). The genome of vancomycin producer Amycolaptosis mediterranei contains
biosynthetic gene clusters for 25 metabolites, most of which are yet to be characterized
(L. Xu et al. 2014). The genome analysis of 40 Micromonospora strains and two non-
Micromonospora strains revealed an average of 20 biosynthetic gene clusters for specialized
metabolites per strain (Carro et al. 2018). In particular, bacterial sources represent a

much larger reservoir of antibiotics than previously thought. The widespread emergence
of antibiotic resistance and the limited repertoire of clinically useful antibiotics have
invigorated interest in new bacterial sources of new antibiotics. Consequently, numerous
developments occurred on various fronts of the antibiotic discovery process in recent
years including improvement of culture techniques, early identification of new antibiotic
producers, use of genomics, transcriptomics, and bioinformatics, automation in metabolite
screening, and use of metabolite dereplication tools.

Conventional discovery approaches are adapted to minimize the limitations of the
rediscovery of known metabolites and the inefficiency of the antibiotic producer screening
process. Recently, many new strategies have emerged to activate biosynthetic gene clusters
that are normally silent under standard culture conditions as well as to identify novel
bioactive metabolite producer actinomycetes strains without going through a costly and
labor-intensive analysis. Some of these strategies are reviewed in this article.

Exploring actinomycetes of unique environmental origin

In the early days of actinomycete discovery programs, soil samples were the primary

focus for the isolation of actinomycetes. Samples collected from random locations were
studied for antibiotic producer actinomycetes employing “The Waksman Platform”(Lewis
2012). Similar technigues were used for microbial isolation, fermentation, and follow-up
culture-based assays that measured the antibacterial activity of the extracts. This approach
initially resulted in the isolation of numerous antibiotic producer actinomycetes, but soon
experienced major setbacks due to repeated isolation of identical antibiotic producer
strains from various parts of the world (Wright 2017). The lack of novelty in the vast
majority of isolated metabolites has continued to be one of the major hurdles for microbial-
metabolites-based discovery programs (Aminov 2010). Also, actinomycetes of different
genuses appeared to produce structurally-related metabolites. For instance, aminoglycoside
antibiotics istamycins and fortimicins are produced by Streptomyces tenfjimariensis and
Micromonospora olivasterospora (Hotta et al. 1989). The continuous growth of publications
on less commonly found actinomycetes, also known as rare actinomycetes over the past

68 years is reflective of increasing research interests in this arena (Fig. 2). To increase

the odds of finding new antibiotic producers, unique and previously unexplored ecological
environments are being increasingly studied for the isolation of rare actinomycetes. (Fig 3).

Soil samples collected from the previously unexplored Himalayas Kashmir region resulted
in the isolation of 121 morphologically distinct actinomycetes (Shah et al. 2017).
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Numerous bacterial strains belonging to 30 different genera, the majority being rare
actinomycetes, have been isolated from cave samples during 1999 and 2018 (Rangseekaew
and Pathom-Aree 2019). Most of the isolates produced metabolites with antibacterial
activities, however, molecular structures of active compounds are yet to be established.
Polyglycosylated polyketides cervimycin A and its analogues that displayed potent activity
against methicillin-resistant Staphylococci and vancomycin-resistant Enterococci (VRE)
were isolated from an ancient cave Streptomyces (Fig. 4) (Herold et al. 2005). Chaxalactins
isolated from Streptomyces of hyper-arid environment origin displayed strong activity
against gram-positive bacteria (Rateb et al. 2011). Similarly, ansamycin class antibacterial
agents chaxmycins were produced by a desert Streptomyces strain (Rateb et al. 2011).
Thermal vents and hot springs are also increasingly being studied as new resources for
actinomycetes in recent years. For instance, 8 Streptomyces and 65 eubacterial species
were isolated from two hot springs in India (Pednekar et al. 2011). Two new antibacterial
cyclopeptides mullinamides along with known congeners were isolated as the metabolites
of a Streptomyces sp. isolated from a thermal vent of an underground coal mine fire (X.
Wang et al. 2014) (Fig. 4). Similarly, a total of 1866 bacterial strains were isolated from
biological samples, mostly sponges, collected from a hydrothermal site of Eyjafjérdur,
Iceland (Eythorsdottir et al. 2016). Notably, 61% of the fifty-five antimicrobial metabolites
producing isolates were found to be actinobacterial species. However, the novelty of these
metabolites remains unclear. Augustin and co-workers have isolated Streptomyces sp. and
Nocardiopsis sp from the arctic regions (Augustine et al. 2012). Extracts of both isolates
were capable of inhibiting biofilm formation by V/ cholera.

Oceans offer a remarkable heterogeneity of environments, because factors such as
temperature, oxygen saturation, light intensity, pressure, pH, and salinity that contribute

to establishing a wide range of biodiversity vary greatly with depth (Tortorella et al. 2018).
Oceans provide habitats for more than 300,000 described species of plants and animals,
many of which are well-known harbor large communities of microorganisms (Donia and
Hamann 2003). Despite great potential, marine actinomycetes are underexplored, partly
due to difficulties in accessing samples from these unique environments and challenges
associated with the transport and identification of optimal culture conditions. Defying
these challenges, the examination of marine ecosystems for microbiomes has flourished
over the past several decades (Hug et al. 2018). Many structurally unique metabolites

with excellent biological activities have been isolated from actinomycetes retrieved from
ocean sediments. Actinobacterium Pseudonocardia carboxydivorans M-227 isolated from
the seawater collected from 3000 m depth in the Cantabrian Sea produced broad-spectrum
antibacterial metabolites branimycin B and analogues (Brafa et al. 2017). Dalisay and
coworkers examined 49 marine sediments and isolated 186 Strepfomyces strains including a
cluster of novel Streptomyces strains based on phylogenetic analysis (Dalisay et al. 2013).
Metabolites from 47 of these strains displayed antibacterial activities in their metabolites,
and one of the isolates produced new analogues of novobiocins. Similarly, phocoenamicins
B and C with potent activity against MRSA, VRE, and mycobacterial species were isolated
from a Micromonospora species retrieved from the ocean sediment collected near Canary
Islands (Pérez-Bonilla et al. 2018). Micromonohalimanes with anti-MRSA activity have
been isolated from a marine Micromonospora strain (Y. Zhang et al. 2016). Similarly,
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thiopeptide antibiotic PM181104 (kocurin) was isolated from a sponge-associated rare
actinobacterium of genus Kocuria (Mahajan et al. 2013). This antibiotic displays a broad
range of antibacterial activities including MRSA and VRE. Natural resources with unique
ecological niches are still promising for the discovery of novel bioactive molecule-producing
actinomycetes.

New bioactive metabolites from symbiotic actinomycetes

Higher-order organisms often host a variety of bacterial species including actinobacteria.
The relationships between the host and bacteria which can vary from parasitic to symbiosis
are believed to be shaped by millions of years of evolution (McFall-Ngai et al. 2013).
Co-evolutionary adaptation may have led to the localization of symbiotic bacteria in
specialized anatomical compartments of the host (Hug et al. 2018). Symbiotic antibiotic
producer actinomycetes that can offer their hosts protection from other parasitic microbes
are of special interest for antibiotics discovery programs in recent years. Such symbiotic
actinomycetes are found to have a distinct phylogenetic lineage compared to common soil-
dwelling actinomycetes increasing the likelihood of new or novel metabolites production
by these organisms. Several structurally unique and potent antibiotics have been isolated
from symbiotic actinomycetes recently. A new polyene antibiotic mycangimycin was
isolated from a symbiotic Streptomyces sp. retrieved from southern pine beetles. The
antibiotic defends the beetles against the pathogenic fungus Ophiostoma minus (Scott et

al. 2008). Chevrette and co-workers have conducted a comprehensive study on Streptomyces
associated with 2561 insects of 15 taxonomic orders (Chevrette et al. 2019). They

found actinomycetes in 56% of the insect microbiomes and recovered a total of 10,178
isolates. The phylogenetic study showed a distinct phylogenetic lineage for insect-associated
Streptomyces. Notably, they have observed higher hit rates of anti-fungal and anti-bacterial
(both Gram-positive and negative) metabolites in insect-associated Streptomyces compared
to soil and plant-associated Strepfomyces. Cyphomycin, a potent anti-fungal antibiotic, was
isolated from a Streptomyces sp. retrieved from the ant host Cyphomyrmex sp. (Chevrette
et al. 2019). This highlights the remarkable potential of insect-associated actinomycetes for
bioactive natural product discovery. Macrolactam antibiotic sceliphrolactam was isolated
from the culture of mud dauber, Sceliphron caementarium-associated Strepfomyces sp. (Oh
et al. 2011). Highly functionalized cyclic depsipeptide antifungal antibiotic dentigerumycin
was produced by actinobacterium associated with an ant (Oh et al. 2009). Similarly, anti-
fungal antibiotic selvamicin was isolated from an actinomycete Pseudonocardia sp. retrieved
from an ant collected from Costa Rica (Fig. 4) (Van Arnam et al. 2016). Considering

the uniqueness of each symbiotic relationship and the recent success in isolation of new
bioactive molecule producer actinomycetes from insects and other organisms, symbiotic
actinomycetes could be an abundant source of new bioactive molecules.

Endophytic actinomycetes as a source of new bioactive molecules

About 300,000 species of plants that exist on the earth have evolved throughout hundreds of
millions of years (Govaerts 2001, Prance et al. 2000). The evolutionary course brought in a
great deal of heterogenicity in physiology and adaptations among plant species resulting in
them being one of the richest and most diverse sources of secondary metabolites producers
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on earth. The use of plant products for human benefits, particularly, in treating human illness
can be traced back to early human civilizations. Numerous ethnic groups are still practicing
plant-based remedies for human illness all over the world. Of well-known ones are the
Traditional Chinese medicines and the Indian Ayurvedic medicines where plants constitute
key ingredients of therapeutic preparations. Approximately 1,000 different Chinese herbs
are listed in the Chinese Pharmacological reference book (Xue and O’Brien 2015). Plant
products constitute a bulk of current human therapeutics to treat human illnesses ranging
from malaria (e.g. artemisinin, the semisynthetic product derived from Artemisia annua) to
cancer (e.g. Paclitaxel, the product of yew trees). A recent review revealed plant products
to be a quarter of FDA-approved new molecular entities (NMEs) (Patridge et al. 2016).

It is also noteworthy that each plant hosts numerous endophytes, the microorganisms that
reside in plants (Strobel and Daisy 2003). Given such a great deal of heterogenicity of
phytochemicals in plants, they offer unique microenvironments to endophytic organisms,
potentially leading to the evolution of distinct genetic lineage and unique biosynthetic
capabilities.

Recent work revealed that many bioactive metabolites isolated originally from plants

are produced by endophytic microorganisms as well. For instance, the anti-cancer drug
paclitaxel, the well-known product of 7axus brevifolia-the medicinal plant long used by
native Americans-was isolated recently from the culture of Aspergillus fumigatus, the
fungal endophyte of 7axussp. (Gunther 1945, Kumar et al. 2019, Wani et al. 1971),

and Pestalotiopsis microspore, the endophyte of bald cypress 7axodium distichum (J.

Y. Li et al. 1996). Interestingly, this molecule was also isolated from actinomycete

strains belonging to genuses Streptomyces, Actinoplanes, Nocardiopsis, Micromonospora,
Actinomadura (Breme et al. 2003). The widely used anti-cancer drug camptothecin was
first isolated from the bark of Camptotheca acuminate (Wall 1998). More recently, this
compound was also isolated from several endophytic fungal species retrieved from the
native producer Camptotheca acuminate and Nothapodytes foetida (Kusari et al. 2009,
Puri et al. 2005). Interestingly, the camptothecin was also produced by several endophytic
Bacillus species isolated from Pyrenacantha volubilis (Soujanya et al. 2017). These results
showecase possibilities for endophytic bacteria having biosynthetic potential for a wide
range of bioactive molecules isolated from plants. Endophytic actinomycetes, though largely
understudied, have increasingly become attractive for the discovery of new bioactive
molecules.

It is well established that the phytochemical content and constitution of a plant vary
significantly depending on extrinsic factors such as soil composition, water supply, and
temperature. Also, intrinsic factors vary greatly among different parts such as roots, stems,
leaves, and flowers, offering a myriad of unique environments to colonize specialized
bacteria including actinobacteria. A recent work of Matsumoto and co-workers found a
significant difference in the taxa of actinomycetes within plant roots from those found

in soil environments. Aactinobacterial diversity increased in the given order: free soil
(lowest)—rhizospheric soil—root (highest) (Matsumoto and Takahashi 2017). The richness
of diversity and unique evolutionary lineages associated with endophytic actinobacteria have
been covered by several review articles (Dinesh et al. 2017, Matsumoto and Takahashi 2017,
Nalini and Prakash 2017). Streptomyces dioscori sp. nov. from the bulbil of Dioscorea
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bulbifera L(Z. Wang et al. 2018), Microbacterium halophytorum sp. nov. from a halophyte
(Y. R. Li et al. 2018), Streptomyces ginkgonis Sp. nov. from Ginko biloba (Yan et al.
2018), and Aeromicrobium endophyticum sp. from Phragmites australis (F. N. Li et al.
2019) are such representative examples. Xue and coworkers have summarized structurally
diverse bioactive compounds isolated produced by endophytic actinomycetes retrieved from
mangroves (D. B. Xu et al. 2014). More recently, Jiang and coworkers have isolated
101endophytic actinomycetes belonging to 28 genera from five different mangrove plants
(Jiang et al. 2018). One of these isolates represented a new bacterial species while

several isolates that display bioactivity belonged to rare actinomycetes. Similarly, Shan
and coworkers have isolated 46 endophytic actinobacterial species belonging to 13 genera
from 15 tea cultivars (Shan et al. 2018). Among these isolates, actinobacteria of genera
Mobilicoccus and Piscicoccus were the first isolates as endophytes. Many of these isolated
displayed antifungal and antibacterial activities. Further work is necessary to assess the
novelty of molecules responsible for the preliminary bioactivity.

Numerous endophytic actinobacteria have been studied recently for the production and
characterization of bioactive metabolites. Heraclemycins C and related analogues, the
members of pluramycin class antitubercular antibiotics were isolated from a culture of
Streptomyces sp. strain Y3111(Liu et al. 2014) (Fig. 5). This strain was retrieved from the
stems of Heracleum souliei. A spirotetronate class polyketide antibiotic maklamycin was
produced by a Micromonospora sp. GMKU326 retrieved from the root of a leguminous
plant, Abrus pulchellus Wall. Ex Thwaites subsp. pulchellus) (1garashi et al. 2011)

(Fig. 5). Maklamycin displays strong antibacterial activity against Micrococcus luteus
(MIC: 0.2 pg/mL). A new glycosylated piericidin antibiotic glucopiericidinol A3 along
with its related congeners were isolated from the culture broth of Streptomyces sp. KIB-
H1083(Shang et al. 2018) (Fig. 5). This strain was isolated from the Chinese medicinal plant
Diaphasiastrum veitchii. Similarly, a cytotoxic compound hamuramycin A was produced
by fermenting an endophytic actinomycete A/lostreptomyces sp. K12-0794 (Suga et al.
2018). This strain was retrieved from a fern root collected in Japan. It is noteworthy

that Allostreptomyces was identified as a new genus recently (M. J. Huang et al. 2017).
Similarly, antitrypanosomal compound spoxazomicin A and anti-mycobacterial compound
kandenol A were isolated from Strepfomyces sp. (an endophyte of mangrove tree Kandelia
candel) and Streptosporangium oxazolinicum K07-0460T (an endophyte of an orchid),
respectively (Ding et al. 2012, Inahashi et al. 2011). These examples highlight the
remarkable promise of endophytic actinobacteria for the discovery of bioactive molecules.

Culturing so-called “unculturable”

The vast majority of bacteria that thrive in their natural environments cannot be grown with
standard culture conditions (Lewis et al. 2010). Microbial replication, other intracellular
physiological activities, and molecular signaling networks linked to secondary metabolites
production are heavily influenced by physical conditions (such as temperature, pressure,
oxygen content), chemical environments (e.g. nutrient availability, pH, nature of carbon
source, and other essential elements) and biological conditions (e.g. surrounding microbial
community, host factors). The complex combinations and interplay of both biotic and
abiotic factors that shape natural environments are challenging to replicate in laboratories.

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 8

Such mismatch of growth conditions is widely believed to be one of the main reasons
behind the limited access to the vast microbial resources. Bacterial species that haven’t
been successfully grown yet are referred to as “unculturable” bacteria. In the lack of
proper culture conditions, unarguably, enormous resources of bioactive metabolites coded
in the genome of these unculturable bacteria remained inaccessible. Repeated isolation

of identical/closely related bacteria/metabolites-the major setback of microbial bioactive
molecules discovery programs during the past several decades-can be linked with the use
of standard media in isolation and culture or the lack of innovation in culture techniques.
Typically, samples are incubated for 2-4 weeks at various temperatures (commonly 28
°C) and newly developed colonies are isolated. Such an approach facilitates the growth
of rapidly growing common actinomycetes and hinders the growth of slow-growing
actinomycetes. A study that examined the effect of time and culture media on the growth
of rare soil bacteria revealed two stages of colony formation: the first during 2-3 weeks
and the second during 6-8 weeks (Kurm et al. 2019), and the recovery of rare species was
not influenced by growth medium and incubation time. However, the study reveals a need
for longer incubation to improve bacterial recovery overall. Numerous innovative techniques
have been developed in recent years in efforts to grow “unculturable” as well as to induce
the production of new metabolites from microbes with established culture conditions. These
developments along with rapidly expanding microbial omics (genomics, proteomics, and
transcriptomics) and bioinformatics cumulatively reenergized microbiologists and natural
product chemists offering a new frontier for microbial natural products discovery.

A variety of diffusion chambers have been used to grow microbes utilizing environmental
growth conditions (Fig. 3). Some utilize agar pre-inoculated with microbes in between two
porous membranes that prevent the penetration of microbes into the culture but allows for
the exchange of gases and nutrients between the culture and environment. Others utilize
microbe-free agar that is sandwiched between membranes with different pore sizes: the top
one allows for gas exchange but prevents the entrance of environmental microbes into the
agar while the bottom one allows for the entrance of both microbes and nutrients from

the natural environment (eg. soil). Bollmann and co-workers demonstrated an increase

in diversity of bacterial isolates using the diffusion chamber-based isolation approach
compared to the conventional agar-based isolation technique (Bollmann et al. 2007).
Semipermeable membranes were used in sandwiching pond sediments and the sandwich
was incubated on the pond sediment-the natural source of the sample (Bollmann et al.
2007). Similarly, Steinert and co-workers also used membrane-based diffusion chambers to
facilitate the growth of bacteria in the natural environment. Insertion of the chamber within
native sponge tissue for weeks followed by lab cultivation led to the isolation of previously
uncultivable bacteria (Steinert et al. 2014).

Isolation chip (iChip) represents a high throughput and miniaturized version of the diffusion
chamber-based culture technique developed recently. Nicholas and coworkers designed and
tested this technology to enhance the growth of difficult-to-culture bacteria and improve

the diversity of bacterial isolates (Nichols et al. 2010). iChip utilizes a plate with 384
through-holes that traps microbes when dipped with microbial mixture suspension prepared
in liquid agar. The extent of dilution of mixture suspension determines the extent of
microbial entrapment in each hole, and the porous membranes (0.03 pm pore size) that
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sandwich the plate prevent the migration of trapped cells and the entrance of other
microbes while allowing the diffusion of air, micronutrients, and other signaling molecules
when incubated in the microbial natural habitat. The novelty of bacterial species isolated
from seawater and soil utilizing iCHIP were significantly higher compared to isolation
based on petri dish cultures demonstrating the effectiveness of this technique in accessing
previously considered unculturable microbial species (Nichols et al. 2010). Several articles
have discussed the potential of iCHIP in the discovery of microbial bioactive metabolites
(Berdy et al. 2017, Lodhi et al. 2018, Sherpa et al. 2015). Novel antibiotic teixobactin

with excellent activity against multi-drug resistant pathogenic bacterial species was isolated
from a proteobacterium Eleftheria terrae (Ling et al. 2015). This rare bacterium was
isolated using the iCHIP technique. More recently, this technology was used in the marine
sponge (Xestospongia muta) to isolate putatively a new bacterial species, Alteromonas

sp. RKMC-009. This strain was capable of producing a unique A-acyltyrosine derivative
with an a-methyl substituent within the aminoacyl moiety with potent gram-positive
antibacterial activities (Maclntyre et al. 2019). More recently, Mahler and co-workers
utilized pico-droplets-based culture for growing 21 different actinobacterial species and
producing metabolites (Mahler et al. 2018). The technique was also employed to disperse
and grow soil bacterial species in pico-droplets unique growth conditions that may allow for
simultaneous growth of a variety of actinobacteria.

Activation of cryptic biosynthetic gene cluster

With the rapid growth of genomic sequence data, it became apparent that metabolites
isolated from actinomycetes represent a small fraction of their biosynthetic potential
(Doroghazi et al. 2014). The number of secondary biosynthetic gene clusters in an
actinomycete genome is estimated to be 10-fold higher than the number of metabolites
isolated through conventional laboratory fermentation of each organism (Katz and Baltz
2016). For instance, the genome of the avermectin producer Streptomyces avermitilis-one
the most studied actinomycetes- contains at least 38 secondary metabolite biosynthetic gene
clusters of which only16 are associated with the metabolites isolated from this organism
(Ikeda et al. 2014). The majority of the biosynthetic clusters that remain silent (cryptic)
under standard culture conditions have become attractive targets for the discovery of
bioactive secondary metabolites. Research and scholarly activities on silent gene clusters
have grown exponentially over the past two decades reflecting growing research interests.
Several strategies have been developed to activate the silent gene clusters with notable
success (Fig. 6).

Co-culture triggered production of bioactive secondary metabolites

It is well established that bacterial production of secondary metabolites is greatly influenced
by mutual communications-often in the form of bioactive molecules- among microbes.

Such signals may induce the production of certain molecules while inhibiting others,

thus generating a different set of metabolite production patterns. While exact functions of
bacterial secondary metabolites in natural conditions remain unclear, bioactive molecules
such as antibiotics that are produced in sub-lethal concentration under natural conditions
may serve as signaling functions rather than chemical weapons. This hypothesis was verified
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by the work of several groups where sub-lethal concentrations of antibiotics are found

to alter the compositions of microbial communities, modulate nutrient utilization, gene
expression patterns (Goh et al. 2002, Vaz Jauri et al. 2013). Co-culture strategies allow for
such signaling interactions between microorganisms, leading to activation of otherwise silent
(cryptic) gene biosynthetic gene clusters of microbial metabolites, and thus offer unique
opportunities for harnessing the full biosynthetic potential of the organism (Moody 2014).
When optimized, co-culture offers a simpler, efficient, and cost-effective approach compared
to genetic engineering-mediated activation of cryptic gene clusters. Several approaches have
been successfully deployed to facilitate microbial communications, including the use of

a semipermeable membrane, a microfluidic system (M. H. Wu et al. 2010), cultures in
microdroplets (Park et al. 2011), transwell cultures with shared organic volatile metabolites
(Bacchus et al. 2012), and immobilized mixed cultures in the gel (Pham and Kim 2012)
(Fig. 6). Mahler and co-workers demonstrated the production of antimicrobial compounds
through the stimulation of S. Aygroscopicus by mixing with other droplets containing S.
griseus. Johnston and co-workers have overcome the long-existing limitations of gel-based
co-culture by improving stability, reusability, and storage (Johnston et al. 2020). The authors
have also demonstrated on-demand production of several secondary metabolites using the
bacteria-immobilized hydrogel.

Co-cultures that allow for cell-to-cell contact have been proven successful in activating
cryptic biosynthetic gene clusters. The Abe group has utilized the co-culture of
actinomycetes with a mycolic acid-containing bacterium to produce numerous novel
metabolites including mirilactams (Hoshino et al. 2018), catenulobactins (Hoshino et

al. 2018), and chojalactones (Hoshino et al. 2019, Hoshino et al. 2015). Antimicrobial
agent borrelidin J was produced through a co-culture of marine-derived actinomycete
Streptomyces rochei MB037 and the fungus Rhinocladiella similis 35 (Yu et al. 2019) (Fig.
5). Similarly, a unique anthracycline antibiotic keyicin was produced through a co-culture of
Micrononospora sp. and Rhodococcus sp. (Adnani et al. 2017). The authors also employed a
specialized culture system that separated two species, but allowed for diffusion of chemical
signals to demonstrate keyicin production is independent of cell-to-cell physical contact
(Adnani et al. 2017)(Fig. 5). These reports are representatives of the successful application
of co-culture strategy in the production of new secondary metabolites by actinomycetes.
Despite the successes of small-scale co-cultures, the technique is utilized in a limited
capacity in industrial biotechnology (Bader et al. 2010). Common co-culture techniques
applied in the industry include the production of food products such as cheese (Martin et
al. 2001), yogurt (Sodini et al. 2000), sourdough(Kariluoto et al. 2006), and whisky(van
Beek and Priest 2002). Concerning actinomycetes, pure cultures are commonly used in

the production of desired products, and sterile conditions are maintained to eliminate
contaminations. Continuation of innovations in co-culture techniques will likely expedite
the discovery of novel bioactive metabolites from actinomycetes in the years to come and
pave the way for optimization for industrial-scale production.

Other strategies to activate cryptic pathways include optimization of growth media, the
inclusion of stressors, and supplementation of growth media with environmental sample
extracts, and heterologous production of metabolites of interest using strong promotors and
pathway activators. In an earlier report, Baltz has estimated that a handful of antibiotics such
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as streptothricin, streptomycin, tetracycline, and actinomycin D are produced at frequencies
ranging from 1071-1073. The Wright lab hypothesized that the inactivation of biosynthetic
pathways of such dominant metabolites can activate silent gene clusters leading to new
metabolites production (Culp et al. 2019). To test this hypothesis, Wright lab identified
highly conserved regions in the select genes involved in streptomycin and streptothricin
biosynthesis, and used a pCRISPR-Cas9 system to inactivate these pathways. The lab
successfully inactivated these pathways in 11 out of 14 selected strains in a matter of weeks.
Through inactivation of streptomycin biosynthesis, Wright lab discovered new members

of a rare class of metabolites including thiolactomycin, amicetin, phenanthroviridin and
5-chloro-3-formylindole (Culp et al. 2019). First, this work offers a new approach for rapid
inactivation of biosynthetic genes-one of the major hurdles in biosynthetic pathway study.
Second, this work makes a compelling case for a need to revisit actinomycete isolates that
were deemed less attractive for new bioactive metabolite production.

Multi-Omics guided discovery of actinomycetes metabolites

Genomics

Select sequencings of genomic loci corresponding to the biosynthesis of target metabolites
were the focus of early genomic studies. In 2002, the complete genome sequence S.
coelicolor A3(2)—-the first published fully sequenced actinomycete genome — not only
provided a genetic basis for the production of known metabolites (Bentley et al. 2002)

but also revealed many biosynthetic gene clusters for other metabolites not produced by
the strain under standard culture conditions. The whole-genome sequence of avermectin
producer S. avermitilis published in 2003 revealed similar findings, sparking interest for
the whole genome sequencing of actinomycetes (Ikeda et al. 2003). Rapid improvement
of DNA sequencing technology on both throughput and accuracy and the decreasing

cost made sequencing of whole genomes affordable to the labs across the globe. As

a result, genomic sequence data of actinomycetes grew exponentially over the past 20
years. At the time of preparation of this review, there were 1760 complete genomic
sequence data of actinobacteria available on the National Center for Biotechnology
Information (NCBI). While the majority of these deposits represent the genome of
pathogenic/symbiotic actinobacterial species such as Mycobacterium sps. Bifidobacterium
sps. and Cornebacterium spp., bioactive metabolites producer actinomycetes constitute a
significant portion of the database. For instance, Strepfomyces genomes represent 12.2%
(216) of the actinomycetes genomes in the repository. It is also noteworthy that the vast
majority of genomic sequence deposits contain small gaps between contigs, and thus are
considered as partial actinomycetes genomic sequence in this report.

The growth of genomic sequence data eclipsed the evolution of the bioinformatics field and
the rapid growth of knowledge on biosynthetic pathways for structurally diverse bacterial
metabolites. Cumulatively, a new frontier emerged for the discovery of new secondary
metabolites — namely “genome mining”. Bioinformatics tools such as antiSMASH have
facilitated the rapid identification of biosynthetic gene clusters in the bacterial genome (Blin
et al. 2013, Weber et al. 2015). For instance, Baltz identified 5-48 secondary metabolite
biosynthetic gene clusters per genome when he analyzed the genome of 22 actinomycetes
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using antiSMASH 3.0 (Baltz 2017). Newer versions of antiSMASH offer predictions

for the molecular structure of encoded metabolites-a major boost for the discovery of

new secondary bacterial metabolites (Blin et al. 2019, Blin et al. 2017). Biosynthetic

gene clusters for 477 ribosomally synthesized and post-translationally modified peptides
(RiPP) were identified through the analysis of 629 complete actinobacterial genomes using
BAGEL3 (Poorinmohammad et al. 2019, van Heel et al. 2013).

Bioactive metabolites isolated based on genome mining data in recent years has translated
bioinformatics predictions into realities. Shi and coworkers have used targeted genome
mining to identify glycosylated peptides kitacinnamycins- a small group of stimulators

of interferon genes (STING) protein- in the genome of Kitasatosporasp. CGMCC

16924 and produce these compounds through fermentation (Shi et al. 2019) (Fig. 5).
Thiovarsolins- members of a new structural class of RiPP- were isolated from Streptomyces
varsoviensis based on the prediction of the RiIPPER (Santos-Aberturas et al. 2019). Highly
cytotoxic tiancimycins, the members of enediynes class metabolites, were discovered
through RT-PCR-based genome mining of 3400 actinomycetes (Yan et al. 2016). Similarly,
many phosphonate-class of metabolites including anti-bacterial agent argolaphos A and
phosphonocystoximic acid were isolated from the strains identified through PCR-based
genome scanning of 10,000 actinomycetes (Ju et al. 2015) (Fig. 5).

It is also noteworthy that comparative genomic analysis allows for the identification of
phylogenetically distinct lineage of biosynthetic and resistant genes associated with the

new or novel metabolites. Culp and co-workers utilized phylogenetic analysis to identify

a distinct clade for non-ribosomal peptide synthase (NRPS) condensation domains for the
glycopeptide biosynthetic gene clusters that lacked known self-resistance genes (Culp et al.
2020). This approach resulted in the discovery of a new functional class of glycopeptide
antibiotic corbomyecin that displays anti-MRSA activity through a novel mechanism while
maintaining a low level of resistance (Fig. 5). Genomic sequence data inventory has

also aided rationalized engineering of pathways for new molecules utilizing two or more
biosynthetic pathways- the process is known as combinatorial biosynthesis. Structurally
diverse classes of unnatural natural products generated through biosynthetic pathway
engineering in the past two decades are particularly noteworthy (Baltz 2014, Chen et al.
2017, Kharel and Rohr 2012, Kunakom and Eustaquio 2020, Niu et al. 2017, Romanowski
and Eustaquio 2020, Sardar and Schmidt 2016, Wong and Khosla 2012). A robust system for
the assembly of biosynthetic genes is crucial for the heterologous production of metabolites.
Time and labor-intensive cloning steps, and errors in the assembly process are widely
recognized barriers in the production of pathway engineered metabolites. Remarkable
progress has been made in recent years in cloning large gene clusters with minimal efforts.
Transformation-associated recombination (TAR) cloning system developed by the Moore
lab is particularly noteworthy (Yamanaka et al. 2014, Zhang et al. 2019). The TAR system
employs direct cloning of large DNA fragments through in vivo recombination in the

yeast. This plug-and-play system offers an excellent means to express gene clusters in
heterologous hosts whereas the PCR-targeted gene inactivation technique developed earlier
(Gust et al. 2003) allows for the inactivation of select genes seamlessly. These developments
in synthetic biology/biosynthetic pathway engineering have offered a viable platform for the
production of natural/pathway-engineered metabolites.
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Transcriptomics and proteomics

Transcriptomics in actinomycetes has contributed to the uncovering of a complex network of
metabolic and signaling pathways associated with differentiation and secondary metabolites
production. Low-level production of secondary metabolites is one of the common barriers
for the industrial application of bioactive metabolite producer actinomycetes. Understanding
the mechanism of the regulation (activation vs repression; global vs secondary metabolite
pathway-specific) is crucial for the engineering of strains for industrial-scale production.

By measuring RNA transcripts of pathway-specific genes, the influence of regulators

on secondary metabolite productions can be monitored indirectly. High throughput
transcriptional analysis in 96-well plates or microarrays and its ease of operation made
transcriptomics an excellent alternative for screening for high-titer secondary metabolite
producer strains before conducting more time and resource-intensive traditional culture

and follow up analytical chemistry work (Wang et al. 2013). Because of its simplicity

and robustness, the transcriptome study has increasingly been integrated with strain
improvement programs.

Whole transcriptome analysis revealed 31 cis-regulatory RNA structures including
riboswitches in the genome of acarbose producer Actingplanes sp. SE50/110. Regulations
of rifamycin production in Amycolatopsis mediterranei by bamA genes- homologues of
y-butyrolactone autoregulator genes- were characterized through transcriptome analysis
(Aroonsri et al. 2008). Through transcription analysis of gas vesicle protein (gvp)
biosynthetic genes, Huang and coworkers discovered the contribution of gas vesicles in
morphological changes and overproduction of tiancimycin D in Streptomyces sp. CB03234-
S (Huang et al. 2019). Similarly, a transcriptome study revealed thermo-regulation of
validamycin biosynthetic genes with optimal production at 37 °C (Wu et al. 2012).
Production titer of secondary metabolites is often governed by a handful of enzymes that
catalyze rate-limiting steps. Comprehensive analysis of biosynthetic pathway transcriptomes
can help identify these bottleneck enzymes and paves the way for the discovery of new
metabolites. RNA transcripts analysis can also be utilized to optimize culture conditions to
activate cryptic secondary metabolite biosynthetic gene clusters. For unculturable bacteria,
transcriptome studies can offer guidance to develop a culturable medium composition.
Bomar and co-workers generated a metatranscriptome of the gut microbiome from the
medicinal leech Hirudo verbena using high-throughput RNA sequencing and identify

a mucin-containing medium to grow the well-known unculturable symbiont Aeromonas
veronii (Bomar et al. 2011). Culture of obligate parasitic bacterium Tropheryma whippler-
the causative agent of Whipple’s disease was a major challenge until the understanding

of genome sequence-based metabolic models that revealed the absence of biosynthetic
pathways for 16 amino acids in the bacterium(Bentley et al. 2003, Gutleben et al.

2018). The bacterium could be grown successfully in a medium including these amino
acids (Renesto et al. 2003). Such an approach can be applied to develop a medium
formulation to grow unculturable actinomycetes. Similarly, genomic data-guided metabolic
pathway analysis revealed the lack of terminal oxidases involved in aerobic and anaerobic
respiration in Coxiella burnetti, another obligate bacterial pathogen. The transcriptomic
study indicated the deficiency of amino acids in the previously used media. This led to

a design of optimal growth conditions by incorporating casamino acid and L-cysteine in
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the medium and maintained oxygen tension below 2.5% (Gutleben et al. 2018, Omsland

et al. 2009). These are reports highlight the potential of transcriptomics and genomics

in designing culture conditions for difficult-to-culture bacteria including actinomycetes.
Likewise genomics and transcriptomics, proteomics has also proven to be an invaluable tool
for enhancing actinobacterial metabolite discovery. Applications of proteomics in natural
product discovery have been extensively covered in a recent review by Du and Wezel (Du
and van Wezel 2018).

Metabolomics

Metabolomics has become an integral part of actinomycete-based bioactive molecule
discovery programs. It has offered a solution to the rediscovery of known metabolites in
the actinomycetes-the major shortcoming of conventional actinomycete metabolite research
programs. Metabolite screening is being routinely used for the dereplication of strains
during early-stage screening and the identification of new or potentially novel metabolite
producers. Crude extracts of metabolites are analyzed using Liquid Chromatography-Mass
spectrometry (LC-MS), and thusly acquired MS data are searched against comprehensive
databases such as MarinLiT (for marine-derived natural products) (Munro and Blunt
1999) and AntiBase (Natural Products Identifier) (Laatsch 2017). Such an approach is
credited for the discovery of numerous new/novel molecules including puromycin C
(cytotoxic metabolite) from Streptomyces sp. PU-14G (Abbas et al. 2018), abyssomicin
W from Streptomyces sp. LC-6-2(X. Wang et al. 2017), cyphomycin (an antifungal agent)
from Streptomyces sp. (Chevrette et al. 2019), herbimycin D (Hsp90a inhibitor) from
Streptomyces sp. RM-7-15(Shaaban et al. 2013), SF2446A2 from Strepfomyces strain
(Reimer et al. 2015), and antimycin B1 from Streptomyces lusitanus (Han et al. 2012).
Bugni lab developed a script that automates the search of MS data of metabolites against
the AntiBase and conducts principal component analysis (PCA) to identify the uniqueness
of metabolites (Chanana et al. 2017, Hou et al. 2012). Such strain prioritization approach
based on the uniqueness of metabolites has (Chanana et al. 2017)proven to be successful
in identifying novel metabolite producer actinomycetes (Adnani et al. 2017). Molecular
networking that offers searchable MS-MS/MS data can be equally valuable to enhance
metabolite-footprint-based strain dereplication. MS-MS/MS data of metabolites can be
searched on the Global Natural Products Social Molecular Networking (GNPS) to identify
the family of molecules based on spectral similarities and statistical analysis (M. Wang et
al. 2016). Karan and co-workers identified several new members of manzamine alkaloids
using MS/MS data in the GNPS demonstrating its potential in strain dereplication and
identification of new molecules (Karan et al. 2020).

Several MS-based innovative solutions have emerged in recent years to address the
shortcomings of conventional metabolite profiling approaches that involved effort-intensive
and time-consuming analytical processes (Bouslimani et al. 2014). Mahler and co-workers
have coupled MS-spectrometry with the high pico-droplet-based-ultra high throughput
screening system to identify metabolites from actinomycetes (Mahler et al. 2018).
Dorrestein lab developed a system that utilizes matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) to analyze metabolites produced in a live bacterial colony
directly without a need for sample extraction and follow-up preparation. This tool is capable
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of not just identifying known/unique metabolites but also elucidating the networks of
metabolites in real-time (Fang and Dorrestein 2014, Watrous et al. 2012).

Recent progress in genomics, proteomics, and metabolomics helped uncover actinobacterial
gems that were previously out of sight. The setbacks during the mid to late 20th century
associated with traditional metabolite production/analysis were overcome by numerous
innovations in the field such as the development of high to ultra-high-throughput screening,
automation in metabolite profiling and novelty assessing, culture techniques, bioinformatics,
and next-generation sequencing. Development of novel culture techniques significantly
improved throughput with minimal use of resources, overcoming one of the major
limitations of traditional fermentations. Co-culture techniques that exploit inter-organism
communications to activate dormant biosynthetic pathways, evolved in recent years,

making their ways to mainstream fermentation. Similarly, we have witnessed a significant
development in bacterial isolation techniques which has allowed for isolations of less known
actinomycetes. Whole-genome analysis of actinobacterial species uncovered enormous
untapped biosynthetic potential. As transcriptomics is becoming handy to elucidate the
network of molecular signaling and to offer hints to culture conditions for so-called
“unculturable”, exponentially growing genomic sequence data has expanded access to new
metabolite discovery. In summation, actinobacterial natural products research has enjoyed a
renaissance in the twenty-first century.

The success of small molecule-based drug discovery and development relies on a variety

of factors including the number of leads, the uniqueness in both structures and interactions
with the target, physicochemical properties, and the reliability of the production system
(Scannell et al. 2012). Once considered to be a revolutionary approach, chemists would
generate a library of small molecules via high throughput chemical synthesis. Next,

the small molecular library would be assessed via a high-throughput screen to identify
molecules that interacted with a biological target. However, this approach has realized
limited success (Hingorani et al. 2019). Actinobacterial natural products are often complex
in structure, which makes the chemical synthesis of such molecules impractical. With the
remarkable biosynthetic potential of actinomycetes and proven clinical applications of their
products, research into actinomycete natural product discovery arguably deserves continued
investment. High throughput droplet-based culture techniques have provided an unparalleled
platform to expedite the identification of new metabolite-producing actinomycetes. At
present, this approach is limited to a few proof-of-concept demonstrations by a few
laboratories, as opposed to being a widely adopted screening platform in the larger research
community. Further simplification of this technique will likely allow for labs across the
globe to increase the scale and throughput at which new actinomycete producers are
identified. Combining this approach with PCA analysis, and the automation in bioactivity
screening system may offer unprecedented insights into the identification of new bioactive
molecule producer actinomycetes. Arguably, the continuous growth of genome sequence
data and the body of knowledge on biosynthetic genes along with the improvement in
bioinformatics will significantly enhance the discovery of new actinobacterial metabolites.
This will also facilitate the custom design of growth conditions for fermentation of species
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that are currently out of reach. New technologies from the field of synthetic biology

will putatively uncover the biosynthetic potential of silent gene clusters. Concomitantly,
the heterologous expression in actinomycete “superhosts” will provide valuable platform
chassis for the reconstitution of cryptic natural products. Considering the vast reserve of
biosynthetic potential and recent advancements in multi-omics techniques, actinobacteria
will continue to be one of the most prolific natural product sources in the future.

Acknowledgments

Research reported in this publication was supported by the National Cancer Institute of the National Institutes
of Health under Award No. R15CA252830 (S.E.N.) and the National Science Foundation under Grant No.
ENG-2015951 (S.E.N.).

References

Abbas M, Elshahawi SI, Wang X, Ponomareva LV, Sajid |, Shaaban KA and Thorson JS (2018).
Puromycins B-E, Naturally Occurring Amino-Nucleosides Produced by the Himalayan Isolate
Streptomyces sp. PU-14G. J Nat Prod 81, 2560-2566. [PubMed: 30418763]

Adnani N, Chevrette MG, Adibhatla SN, Zhang F, Yu Q, Braun DR, Nelson J, Simpkins SW,
Mcdonald BR, Myers CL, Piotrowski JS, Thompson CJ, Currie CR, Li L, Rajski SR and Bugni
TS (2017). Coculture of Marine Invertebrate-Associated Bacteria and Interdisciplinary Technologies
Enable Biosynthesis and Discovery of a New Antibiotic, Keyicin. ACS Chem Biol 12, 3093-3102.
[PubMed: 29121465]

Aminov Rustam | (2010). A brief history of the antibiotic era: lessons learned and challenges for the
future. Frontiers in microbiology 1, 134. [PubMed: 21687759]

Aroonsri A, Kitani S, Choi SU and Nihira T (2008). Isolation and characterization of bamA
genes, homologues of the gamma-butyrolactone autoregulator-receptor gene in Amycolatopsis
mediterranei, a rifamycin producer. Biotechnol Lett 30, 2019-2024. [PubMed: 18612594]

Arsic B, Barber J, Ciko3 A, Mladenovic M, Stankovic N and Novak P (2018). 16-membered macrolide
antibiotics: a review. Int J Antimicrob Agents 51, 283-298. [PubMed: 28668674]

Augustine N, Wilson PA, Kerkar S and Thomas S (2012). Arctic actinomycetes as potential inhibitors
of Vibrio cholerae biofilm. Curr Microbiol 64, 338-342. [PubMed: 22231452]

Bacchus W, Lang M, El-Baba MD, Weber W, Stelling J and Fussenegger M (2012). Synthetic two-way
communication between mammalian cells. Nat Biotechnol 30, 991-996. [PubMed: 22983089]

Bacci L, Lupi D, Savoldelli S and Rossaro B (2016). A review of Spinosyns, a derivative of biological
acting substances as a class of insecticides with a broad range of action against many insect pests. J.
entomol. acarol. res48:5653, 40-52.

Bader J, Mast-Gerlach E, Popovi¢ MK, Bajpai R and Stahl U (2010). Relevance of microbial coculture
fermentations in biotechnology. J Appl Microbiol 109, 371-387. [PubMed: 20070440]

Baltz RH (2014). Combinatorial biosynthesis of cyclic lipopeptide antibiotics: a model for synthetic
biology to accelerate the evolution of secondary metabolite biosynthetic pathways. ACS Synth
Biol 3, 748-758. [PubMed: 23654258]

Baltz RH (2017). Gifted microbes for genome mining and natural product discovery. J Ind Microbiol
Biotechnol 44, 573-588. [PubMed: 27520548]

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-Kolthoff JP, Klenk HP, Clement
C, Ouhdouch Y and Van Wezel GP (2016). Taxonomy, Physiology, and Natural Products of
Actinobacteria. Microbiol Mol Biol Rev 80, 1-43. [PubMed: 26609051]

Bentley SD, Chater KF, Cerdefio-Tarraga AM, Challis GL, Thomson NR, James KD, Harris DE, Quail
MA, Kieser H, Harper D, Bateman A, Brown S, Chandra G, Chen CW, Collins M, Cronin A,
Fraser A, Goble A, Hidalgo J, Hornsby T, Howarth S, Huang CH, Kieser T, Larke L, Murphy
L, Oliver K, O’neil S, Rabbinowitsch E, Rajandream MA, Rutherford K, Rutter S, Seeger K,
Saunders D, Sharp S, Squares R, Squares S, Taylor K, Warren T, Wietzorrek A, Woodward

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 17

J, Barrell BG, Parkhill J and Hopwood DA (2002). Complete genome sequence of the model
actinomycete Streptomyces coelicolor A3(2). Nature 417, 141-147. [PubMed: 12000953]

Bentley SD, Maiwald M, Murphy LD, Pallen MJ, Yeats CA, Dover LG, Norbertczak HT, Besra GS,
Quail MA, Harris DE, Von Herbay A, Goble A, Rutter S, Squares R, Squares S, Barrell BG,
Parkhill J and Relman DA (2003). Sequencing and analysis of the genome of the Whipple’s
disease bacterium Tropheryma whipplei. Lancet 361, 637-644. [PubMed: 12606174]

Berdy B, Spoering AL, Ling LL and Epstein SS (2017). In situ cultivation of previously uncultivable
microorganisms using the ichip. Nat Protoc 12, 2232-2242. [PubMed: 29532802]

Bérdy J (2012). Thoughts and facts about antibiotics: where we are now and where we are heading. J
Antibiot (Tokyo) 65, 385-395. [PubMed: 22511224]

Blin K, Medema MH, Kazempour D, Fischbach MA, Breitling R, Takano E and Weber T (2013).
antiSMASH 2.0--a versatile platform for genome mining of secondary metabolite producers.
Nucleic Acids Res 41, W204-212. [PubMed: 23737449]

Blin K, Shaw S, Steinke K, Villebro R, Ziemert N, Lee SY, Medema MH and Weber T (2019).
antiSMASH 5.0: updates to the secondary metabolite genome mining pipeline. Nucleic Acids Res
47, W81-w87. [PubMed: 31032519]

Blin K, Wolf T, Chevrette MG, Lu X, Schwalen CJ, Kautsar SA, Suarez Duran HG, De Los Santos
ELC, Kim HU, Nave M, Dickschat JS, Mitchell DA, Shelest E, Breitling R, Takano E, Lee SY,
Weber T and Medema MH (2017). antiSMASH 4.0-improvements in chemistry prediction and
gene cluster boundary identification. Nucleic Acids Res 45, W36-w41. [PubMed: 28460038]

Bollmann A, Lewis K and Epstein SS (2007). Incubation of environmental samples in a diffusion
chamber increases the diversity of recovered isolates. Appl Environ Microbiol 73, 6386—6390.
[PubMed: 17720826]

Bomar L, Maltz M, Colston S and Graf J (2011). Directed culturing of microorganisms using
metatranscriptomics. mBio 2, e€00012-00011. [PubMed: 21467263]

Bouslimani A, Sanchez LM, Garg N and Dorrestein PC (2014). Mass spectrometry of natural products:
current, emerging and future technologies. Nat Prod Rep 31, 718-729. [PubMed: 24801551]

Brafia AF, Sarmiento-Vizcaino A, Pérez-Victoria I, Otero L, Fernandez J, Palacios JJ, Martin J, De
La Cruz M, Diaz C, Vicente F, Reyes F, Garcia LA and Blanco G (2017). Branimycins B and C,
Antibiotics Produced by the Abyssal Actinobacterium Pseudonocardia carboxydivorans M-227. J
Nat Prod 80, 569-573. [PubMed: 28169531]

Breme Umberto, Caruso Marinella, Perellino Nicoletta Crespi, Fedeli Lorena, Pavesi Andrea, Piacenza
Luca and Ventrella Giambattista (2003). Paclitaxel production by Actinomycetes, US Patent
6528301B1.

Butler MS, Hansford KA, Blaskovich MA, Halai R and Cooper MA (2014). Glycopeptide antibiotics:
back to the future. J Antibiot (Tokyo) 67, 631-644. [PubMed: 25118105]

Carro L, Nouioui I, Sangal V, Meier-Kolthoff JP, Trujillo ME, Montero-Calasanz MDC, Sahin N,
Smith DL, Kim KE, Peluso P, Deshpande S, Woyke T, Shapiro N, Kyrpides NC, Klenk HP, Goker
M and Goodfellow M (2018). Genome-based classification of micromonosporae with a focus on
their biotechnological and ecological potential. Sci Rep 8, 525. [PubMed: 29323202]

Chanana S, Thomas CS, Braun DR, Hou Y, Wyche TP and Bugni TS (2017). Natural Product
Discovery Using Planes of Principal Component Analysis in R (PoOPCAR). Metabolites 7.

Chen S, Kinney WA and Van Lanen S (2017). Nature’s combinatorial biosynthesis and recently
engineered production of nucleoside antibiotics in Streptomyces. World J Microbiol Biotechnol
33, 66. [PubMed: 28260195]

Chevrette MG, Carlson CM, Ortega HE, Thomas C, Ananiev GE, Barns KJ, Book AJ, Cagnazzo
J, Carlos C, Flanigan W, Grubbs KJ, Horn HA, Hoffmann FM, Klassen JL, Knack JJ, Lewin
GR, Mcdonald BR, Muller L, Melo WGP, Pinto-Toméas AA, Schmitz A, Wendt-Pienkowski
E, Wildman S, Zhao M, Zhang F, Bugni TS, Andes DR, Pupo MT and Currie CR (2019).

The antimicrobial potential of Streptomyces from insect microbiomes. Nat Commun 10, 516.
[PubMed: 30705269]

Culp EJ, Waglechner N, Wang W, Fiebig-Comyn AA, Hsu YP, Koteva K, Sychantha D, Coombes BK,
Van Nieuwenhze MS, Brun YV and Wright GD (2020). Evolution-guided discovery of antibiotics
that inhibit peptidoglycan remodelling. Nature 578, 582-587. [PubMed: 32051588]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 18

Culp EJ, Yim G, Waglechner N, Wang W, Pawlowski AC and Wright GD (2019). Hidden antibiotics
in actinomycetes can be identified by inactivation of gene clusters for common antibiotics. Nat
Biotechnol 37, 1149-1154. [PubMed: 31501558]

Dalisay DS, Williams DE, Wang XL, Centko R, Chen J and Andersen RJ (2013). Marine sediment-
derived Streptomyces bacteria from British Columbia, Canada are a promising microbiota resource
for the discovery of antimicrobial natural products. PLoS One 8, e77078. [PubMed: 24130838]

Deepika Thimiri Lakshmipathi, Kannabiran Krishnan, Khanna Venkatesan Gopiesh, Rajakumar
Govindasamy, Jayaseelan Chidambaram, Santhoshkumar Thirunavukkarasu and Rahuman Abdul
Abdul (2012). Isolation and characterisation of acaricidal and larvicidal novel compound (2S,
5R, 6R)-2-hydroxy-3, 5, 6-trimethyloctan-4-one from Streptomyces sp. against blood-sucking
parasites. Parasitology research 111, 1151-1163. [PubMed: 21698506]

Dinesh R, Srinivasan V, T ES, Anandaraj M and Srambikkal (2017). Endophytic actinobacteria:
Diversity, secondary metabolism and mechanisms to unsilence biosynthetic gene clusters. Crit Rev
Microbiol 43, 546-566. [PubMed: 28358596]

Ding L, Maier A, Fiebig HH, Lin WH, Peschel G and Hertweck C (2012). Kandenols A-E,
eudesmenes from an endophytic Streptomyces sp. of the mangrove tree Kandelia candel. J Nat
Prod 75, 2223-2227. [PubMed: 23234344]

Donia M and Hamann MT (2003). Marine natural products and their potential applications as anti-
infective agents. Lancet Infect Dis 3, 338-348. [PubMed: 12781505]

Doroghazi JR, Albright JC, Goering AW, Ju KS, Haines RR, Tchalukov KA, Labeda DP, Kelleher NL
and Metcalf WW (2014). A roadmap for natural product discovery based on large-scale genomics
and metabolomics. Nat Chem Biol 10, 963-968. [PubMed: 25262415]

Du C and Van Wezel GP (2018). Mining for Microbial Gems: Integrating Proteomics in the
Postgenomic Natural Product Discovery Pipeline. Proteomics 18, e1700332. [PubMed: 29708658]

Elshahawi SlI, Shaaban KA, Kharel MK and Thorson JS (2015). A comprehensive review of
glycosylated bacterial natural products. Chem Soc Rev 44, 7591-7697. [PubMed: 25735878]

Eythorsdottir A, Omarsdottir S and Einarsson H (2016). Antimicrobial Activity of Marine Bacterial
Symbionts Retrieved from Shallow Water Hydrothermal Vents. Mar Biotechnol (NY) 18, 293-
300. [PubMed: 27147438]

Fang J and Dorrestein PC (2014). Emerging mass spectrometry techniques for the direct analysis of
microbial colonies. Curr Opin Microbiol 19, 120-129. [PubMed: 25064218]

Floss HG and Yu TW (2005). Rifamycin-mode of action, resistance, and biosynthesis. Chem Rev 105,
621-632. [PubMed: 15700959]

Goh EB, Yim G, Tsui W, Mcclure J, Surette MG and Davies J (2002). Transcriptional modulation of
bacterial gene expression by subinhibitory concentrations of antibiotics. Proc Natl Acad Sci U S A
99, 17025-17030. [PubMed: 12482953]

Govaerts Rafael (2001). How many species of seed plants are there? Taxon 50, 1085-1090.

Grossman TH (2016). Tetracycline Antibiotics and Resistance. Cold Spring Harb Perspect Med 6,
a025387. [PubMed: 26989065]

Gunther Erna (1945). University of Washington Publications in Anthropology, University of
Washington Press.

Gust B, Challis GL, Fowler K, Kieser T and Chater KF (2003). PCR-targeted Streptomyces gene
replacement identifies a protein domain needed for biosynthesis of the sesquiterpene soil odor
geosmin. Proc Natl Acad Sci U S A 100, 1541-1546. [PubMed: 12563033]

Gutleben J, Chaib De Mares M, Van Elsas JD, Smidt H, Overmann J and Sipkema D (2018). The
multi-omics promise in context: from sequence to microbial isolate. Crit Rev Microbiol 44, 212—
229. [PubMed: 28562180]

Han Zhuang, Xu Ying, Mcconnell Oliver, Liu Lingli, Li Yongxin, Qi Shuhua, Huang Xiangzhong
and Qian Peiyuan (2012). Two antimycin A analogues from marine-derived actinomycete
Streptomyces lusitanus. Marine drugs 10, 668-676. [PubMed: 22611362]

Herold K, Gollmick FA, Groth I, Roth M, Menzel KD, Méllmann U, Grafe U and Hertweck C (2005).
Cervimycin A-D: a polyketide glycoside complex from a cave bacterium can defeat vancomycin
resistance. Chemistry 11, 5523-5530. [PubMed: 15940739]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 19

Hingorani AD, Kuan V, Finan C, Kruger FA, Gaulton A, Chopade S, Sofat R, Macallister RJ,
Overington JP, Hemingway H, Denaxas S, Prieto D and Casas JP (2019). Improving the odds
of drug development success through human genomics: modelling study. Sci Rep 9, 18911.
[PubMed: 31827124]

Hoshino S, Onaka H and Abe | (2019). Activation of silent biosynthetic pathways and discovery of
novel secondary metabolites in actinomycetes by co-culture with mycolic acid-containing bacteria.
J Ind Microbiol Biotechnol 46, 363—-374. [PubMed: 30488365]

Hoshino S, Ozeki M, Awakawa T, Morita H, Onaka H and Abe | (2018). Catenulobactins A and
B, Heterocyclic Peptides from Culturing Catenuloplanes sp. with a Mycolic Acid-Containing
Bacterium. J Nat Prod 81, 2106-2110. [PubMed: 30130105]

Hoshino S, Ozeki M, Wong CP, Zhang H, Hayashi F, Awakawa T, Morita H, Onaka H and Abe
I (2018). Mirilactams C-E, Novel Polycyclic Macrolactams Isolated from Combined-Culture of
Actinosynnema mirum NBRC 14064 and Mycolic Acid-Containing Bacterium. Chem Pharm Bull
(Tokyo) 66, 660—-667. [PubMed: 29863068]

Hoshino S, Wakimoto T, Onaka H and Abe | (2015). Chojalactones A-C, cytotoxic butanolides
isolated from Streptomyces sp. cultivated with mycolic acid containing bacterium. Org Lett 17,
1501-1504. [PubMed: 25742189]

Hotta K, Morioka M and Okami Y (1989). Biosynthetic similarity between Streptomyces
tenjimariensis and Micromonospora olivasterospora which produce fortimicin-group antibiotics.
J Antibiot (Tokyo) 42, 745-751. [PubMed: 2722689]

Hou Y, Braun DR, Michel CR, Klassen JL, Adnani N, Wyche TP and Bugni TS (2012). Microbial
strain prioritization using metabolomics tools for the discovery of natural products. Anal Chem 84,
4277-4283. [PubMed: 22519562]

Huang MJ, Rao MPN, Salam N, Xiao M, Huang HQ and Li WJ (2017). Allostreptomyces
psammosilenae gen. nov., sp. nov., an endophytic actinobacterium isolated from the roots of
Psammosilene tunicoides and emended description of the family Streptomycetaceae [Waksman
and Henrici (1943)AL] emend. Rainey et al. 1997, emend. Kim et al. 2003, emend. Zhi et al. 2009.
Int J Syst Evol Microbiol 67, 288-293. [PubMed: 27902296]

Huang R, Lin J, Gao D, Zhang F, Yi L, Huang Y, Yan X, Duan Y and Zhu X (2019). Discovery of gas
vesicles in Streptomyces sp. CB03234-S and potential effects of gas vesicle gene overexpression
on morphological and metabolic changes in streptomycetes. Appl Microbiol Biotechnol 103,
5751-5761. [PubMed: 31115635]

Hug JJ, Bader CD, Remskar M, Cirnski K and Muller R (2018). Concepts and Methods to Access
Novel Antibiotics from Actinomycetes. Antibiotics (Basel) 7.

Hutchings MI, Truman AW and Wilkinson B (2019). Antibiotics: past, present and future. Curr Opin
Microbiol 51, 72-80. [PubMed: 31733401]

Igarashi Y, Ogura H, Furihata K, Oku N, Indananda C and Thamchaipenet A (2011). Maklamicin,
an antibacterial polyketide from an endophytic Micromonospora sp. J Nat Prod 74, 670-674.
[PubMed: 21388191]

Ikeda H, Ishikawa J, Hanamoto A, Shinose M, Kikuchi H, Shiba T, Sakaki Y, Hattori M and Omura
S (2003). Complete genome sequence and comparative analysis of the industrial microorganism
Streptomyces avermitilis. Nat Biotechnol 21, 526-531. [PubMed: 12692562]

Ikeda H, Kazuo SY and Omura S (2014). Genome mining of the Streptomyces avermitilis genome
and development of genome-minimized hosts for heterologous expression of biosynthetic gene
clusters. J Ind Microbiol Biotechnol 41, 233-250. [PubMed: 23990133]

Imada Chiaki (2005). Enzyme inhibitors and other bioactive compounds from marine actinomycetes.
Antonie Van Leeuwenhoek 87, 59-63. [PubMed: 15726292]

Inahashi Y, lwatsuki M, Ishiyama A, Namatame M, Nishihara-Tsukashima A, Matsumoto A,

Hirose T, Sunazuka T, Yamada H, Otoguro K, Takahashi Y, Omura S and Shiomi K (2011).
Spoxazomicins A-C, novel antitrypanosomal alkaloids produced by an endophytic actinomycete,
Streptosporangium oxazolinicum K07-0460(T). J Antibiot (Tokyo) 64, 303-307. [PubMed:
21386848]

Jiang ZK, Tuo L, Huang DL, Osterman IA, Tyurin AP, Liu SW, Lukyanov DA, Sergiev PV, Dontsova
OA, Korshun VA, Li FN and Sun CH (2018). Diversity, Novelty, and Antimicrobial Activity of

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 20

Endophytic Actinobacteria From Mangrove Plants in Beilun Estuary National Nature Reserve of
Guangxi, China. Front Microbiol 9, 868. [PubMed: 29780376]

Johnston TG, Yuan SF, Wagner JM, Yi X, Saha A, Smith P, Nelson A and Alper HS (2020).
Compartmentalized microbes and co-cultures in hydrogels for on-demand bioproduction and
preservation. Nat Commun 11, 563. [PubMed: 32019917]

Ju KS, Gao J, Doroghazi JR, Wang KK, Thibodeaux CJ, Li S, Metzger E, Fudala J, Su J, Zhang JK,
Lee J, Cioni JP, Evans BS, Hirota R, Labeda DP, Van Der Donk WA and Metcalf WW (2015).
Discovery of phosphonic acid natural products by mining the genomes of 10,000 actinomycetes.
Proc Natl Acad Sci U S A 112, 12175-12180. [PubMed: 26324907]

Karan D, Dubey S, Pirisi L, Nagel A, Pina I, Choo YM and Hamann MT (2020). The Marine Natural
Product Manzamine A Inhibits Cervical Cancer by Targeting the SIX1 Protein. J Nat Prod 83,
286-295. [PubMed: 32022559]

Kariluoto S, Aittamaa M, Korhola M, Salovaara H, Vahteristo L and Piironen V (2006). Effects of
yeasts and bacteria on the levels of folates in rye sourdoughs. Int J Food Microbiol 106, 137-143.
[PubMed: 16213050]

Katz L and Baltz RH (2016). Natural product discovery: past, present, and future. J Ind Microbiol
Biotechnol 43, 155-176. [PubMed: 26739136]

Kharel MK and Rohr J (2012). Delineation of gilvocarcin, jadomycin, and landomycin pathways
through combinatorial biosynthetic enzymology. Curr Opin Chem Biol 16, 150-161. [PubMed:
22465094]

Krause KM, Serio AW, Kane TR and Connolly LE (2016). Aminoglycosides: An Overview. Cold
Spring Harb Perspect Med 6.

Kumar P, Singh B, Thakur V, Thakur A, Thakur N, Pandey D and Chand D (2019). Hyper-production
of taxol from Aspergillus fumigatus, an endophytic fungus isolated from Taxus sp. of the Northern
Himalayan region. Biotechnol Rep (Amst) 24, e00395. [PubMed: 31799144]

Kunakom S and Eustaquio AS (2020). Heterologous Production of Lasso Peptide Capistruin in a
Burkholderia Host. ACS Synth Biol 9, 241-248. [PubMed: 31913601]

Kurm V, Van Der Putten WH and Hol WHG (2019). Cultivation-success of rare soil bacteria is not
influenced by incubation time and growth medium. PLoS One 14, e0210073. [PubMed: 30629606]

Kusari S, Zihlke S and Spiteller M (2009). An endophytic fungus from Camptotheca acuminata that
produces camptothecin and analogues. J Nat Prod 72, 2—7. [PubMed: 19119919]

Laatsch Hartmut (2017). AntiBase: the natural compound identifier, Wiley-Vch Weinheim.

Lewis K (2012). Antibiotics: Recover the lost art of drug discovery. Nature 485, 439-440. [PubMed:
22622552]

Lewis K, Epstein S, D’onofrio A and Ling LL (2010). Uncultured microorganisms as a source of
secondary metabolites. J Antibiot (Tokyo) 63, 468-476. [PubMed: 20648021]

Li FN, Liao SL, Liu SW, Jin T and Sun CH (2019). Aeromicrobium endophyticum sp. nov., an
endophytic actinobacterium isolated from reed (Phragmites australis). J Microbiol 57, 725-731.
[PubMed: 31124044]

Li JY, Strobel G, Sidhu R, Hess WM and Ford EJ (1996). Endophytic taxol-producing fungi from bald
cypress, Taxodium distichum. Microbiology 142 (Pt 8), 2223-2226. [PubMed: 8760934]

Li YR, Zhu ZN, Li YQ, Xiao M, Han MX, Wadaan MAM, Hozzein WN, An DD and Li WJ
(2018). Microbacterium halophytorum sp. nov., a novel endophytic actinobacterium isolated from
halophytes. Int J Syst Evol Microbiol 68, 3928-3934. [PubMed: 30362936]

Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I, Conlon BP, Mueller A, Schéberle TF,
Hughes DE, Epstein S, Jones M, Lazarides L, Steadman VA, Cohen DR, Felix CR, Fetterman KA,
Millett WP, Nitti AG, Zullo AM, Chen C and Lewis K (2015). A new antibiotic kills pathogens
without detectable resistance. Nature 517, 455-459. [PubMed: 25561178]

Liu M, Abdel-Mageed WM, Ren B, He W, Huang P, Li X, Bolla K, Guo H, Chen C, Song F, Dai
H, Quinn RJ, Grkovic T, Zhang X, Liu X and Zhang L (2014). Endophytic Streptomyces sp.
Y3111 from traditional Chinese medicine produced antitubercular pluramycins. Appl Microbiol
Biotechnol 98, 1077-1085. [PubMed: 24190497]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 21

Lodhi AF, Zhang Y, Adil M and Deng Y (2018). Antibiotic discovery: combining isolation chip
(iChip) technology and co-culture technique. Appl Microbiol Biotechnol 102, 7333-7341.
[PubMed: 29974183]

Macintyre LW, Charles MJ, Haltli BA, Marchbank DH and Kerr RG (2019). An Ichip-Domesticated
Sponge Bacterium Produces an N-Acyltyrosine Bearing an a-Methyl Substituent. Org Lett 21,
7768-7771. [PubMed: 31524403]

Mahajan G, Thomas B, Parab R, Patel ZE, Kuldharan S, Yemparala V, Mishra PD, Ranadive P,
D’souza L, Pari K and Sivaramkrishnan H (2013). In vitro and in vivo activities of antibiotic
PM181104. Antimicrob Agents Chemother 57, 5315-5319. [PubMed: 23939903]

Mahler L, Wink K, Beulig RJ, Scherlach K, Tovar M, Zang E, Martin K, Hertweck C, Belder D and
Roth M (2018). Detection of antibiotics synthetized in microfluidic picolitre-droplets by various
actinobacteria. Sci Rep 8, 13087. [PubMed: 30166560]

Martin N, Berger C, Le Du C and Spinnler HE (2001). Aroma compound production in cheese curd by
coculturing with selected yeast and bacteria. J Dairy Sci 84, 2125-2135. [PubMed: 11699442]
Matsumoto A and Takahashi Y (2017). Endophytic actinomycetes: promising source of novel bioactive

compounds. J Antibiot (Tokyo) 70, 514-519. [PubMed: 28270688]
Mcfall-Ngai M, Hadfield MG, Bosch TC, Carey HV, Domazet-LoSo T, Douglas AE, Dubilier N, Eberl
G, Fukami T, Gilbert SF, Hentschel U, King N, Kjelleberg S, Knoll AH, Kremer N, Mazmanian
SK, Metcalf JL, Nealson K, Pierce NE, Rawls JF, Reid A, Ruby EG, Rumpho M, Sanders JG,
Tautz D and Wernegreen JJ (2013). Animals in a bacterial world, a new imperative for the life
sciences. Proc Natl Acad Sci U S A 110, 3229-3236. [PubMed: 23391737]
Moody SC (2014). Microbial co-culture: harnessing intermicrobial signaling for the production of
novel antimicrobials. Future Microbiol 9, 575-578. [PubMed: 24957083]
Munro Mhg and Blunt Jw (1999). Marinlit, version 10.4. Marine Chemical Group, University of
Canterbury, Christchurch, New Zealand.
Nalini MS and Prakash HS (2017). Diversity and bioprospecting of actinomycete endophytes from the
medicinal plants. Lett Appl Microbiol 64, 261-270. [PubMed: 28107573]
Nichols D, Cahoon N, Trakhtenberg EM, Pham L, Mehta A, Belanger A, Kanigan T, Lewis K and
Epstein SS (2010). Use of ichip for high-throughput in situ cultivation of “uncultivable” microbial
species. Appl Environ Microbiol 76, 2445-2450. [PubMed: 20173072]
Nindita Y, Cao Z, Fauzi AA, Teshima A, Misaki Y, Muslimin R, Yang Y, Shiwa Y, Yoshikawa H,
Tagami M, Lezhava A, Ishikawa J, Kuroda M, Sekizuka T, Inada K, Kinashi H and Arakawa
K (2019). The genome sequence of Streptomyces rochei 7434AN4, which carries a linear
chromosome and three characteristic linear plasmids. Sci Rep 9, 10973. [PubMed: 31358803]
Niu G, Zheng J and Tan H (2017). Biosynthesis and combinatorial biosynthesis of antifungal
nucleoside antibiotics. Sci China Life Sci 60, 939-947. [PubMed: 28785949]
Oh DC, Poulsen M, Currie CR and Clardy J (2009). Dentigerumycin: a bacterial mediator of an
ant-fungus symbiosis. Nat Chem Biol 5, 391-393. [PubMed: 19330011]

Oh DC, Poulsen M, Currie CR and Clardy J (2011). Sceliphrolactam, a polyene macrocyclic lactam
from a wasp-associated Streptomyces sp. Org Lett 13, 752—755. [PubMed: 21247188]

Omsland A, Cockrell DC, Howe D, Fischer ER, Virtaneva K, Sturdevant DE, Porcella SF and Heinzen
RA (2009). Host cell-free growth of the Q fever bacterium Coxiella burnetii. Proc Natl Acad Sci
U S A 106, 4430-4434. [PubMed: 19246385]

Paradkar A (2013). Clavulanic acid production by Streptomyces clavuligerus: biogenesis, regulation
and strain improvement. J Antibiot (Tokyo) 66, 411-420. [PubMed: 23612724]

Park J, Kerner A, Burns MA and Lin XN (2011). Microdroplet-enabled highly parallel co-cultivation
of microbial communities. PLoS One 6, €17019. [PubMed: 21364881]

Patridge E, Gareiss P, Kinch MS and Hoyer D (2016). An analysis of FDA-approved drugs: natural
products and their derivatives. Drug Discov Today 21, 204-207. [PubMed: 25617672]

Payne DJ, Gwynn MN, Holmes DJ and Pompliano DL (2007). Drugs for bad bugs: confronting the
challenges of antibacterial discovery. Nat Rev Drug Discov 6, 29-40. [PubMed: 17159923]

Pednekar P, Jain R and Mahajan G (2011). Anti-infective Potential of Hot-spring Bacteria. J Glob
Infect Dis 3, 241-245. [PubMed: 21887055]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 22

Pérez-Bonilla M, Oves-Costales D, De La Cruz M, Kokkini M, Martin J, Vicente F, Genilloud O and
Reyes F (2018). Phocoenamicins B and C, New Antibacterial Spirotetronates Isolated from a
Marine Micromonospora sp. Mar Drugs 16.

Pham VH and Kim J (2012). Cultivation of unculturable soil bacteria. Trends Biotechnol 30, 475-484.
[PubMed: 22770837]

Poorinmohammad N, Bagheban-Shemirani R and Hamedi J (2019). Genome mining for ribosomally
synthesised and post-translationally modified peptides (RiPPs) reveals undiscovered bioactive
potentials of actinobacteria. Antonie Van Leeuwenhoek 112, 1477-1499. [PubMed: 31123844]

Prance, Ghillean T, Beentje Henk, Dransfield John and Johns Robert (2000). The tropical flora remains
undercollected. Annals of the Missouri Botanical Garden, 67-71.

Puri SC, Verma V, Amna T, Qazi GN and Spiteller M (2005). An endophytic fungus from
Nothapodytes foetida that produces camptothecin. J Nat Prod 68, 1717-1719. [PubMed:
16378360]

Rangseekaew P and Pathom-Aree W (2019). Cave Actinobacteria as Producers of Bioactive
Metabolites. Front Microbiol 10, 387. [PubMed: 30967844]

Rateb ME, Houssen WE, Arnold M, Abdelrahman MH, Deng H, Harrison WT, Okoro CK, Asenjo JA,
Andrews BA, Ferguson G, Bull AT, Goodfellow M, Ebel R and Jaspars M (2011). Chaxamycins
A-D, bioactive ansamycins from a hyper-arid desert Streptomyces sp. J Nat Prod 74, 1491-1499.
[PubMed: 21553813]

Rateb ME, Houssen WE, Harrison WT, Deng H, Okoro CK, Asenjo JA, Andrews BA, Bull AT,
Goodfellow M, Ebel R and Jaspars M (2011). Diverse metabolic profiles of a Streptomyces strain
isolated from a hyper-arid environment. J Nat Prod 74, 1965-1971. [PubMed: 21879726]

Reimer Anastasija, Blohm Ariane, Quack Thomas, Grevelding Christoph G, Kozjak-Pavlovic Vera,
Rudel Thomas, Hentschel Ute and Abdelmohsen Usama Ramadan (2015). Inhibitory activities
of the marine streptomycete-derived compound SF2446A2 against Chlamydia trachomatis and
Schistosoma mansoni. The Journal of antibiotics 68, 674-679. [PubMed: 25990954]

Renesto P, Crapoulet N, Ogata H, La Scola B, Vestris G, Claverie JM and Raoult D (2003). Genome-
based design of a cell-free culture medium for Tropheryma whipplei. Lancet 362, 447-449.
[PubMed: 12927433]

Renwick Mathew and Mossialos Elias (2018). What are the economic barriers of antibiotic R&D
and how can we overcome them? Expert opinion on drug discovery 13, 889-892. [PubMed:
30175625]

Romanowski S and Eustaquio AS (2020). Synthetic biology for natural product drug production and
engineering. Curr Opin Chem Biol 58, 137-145. [PubMed: 33130520]

Santos-Aberturas J, Chandra G, Frattaruolo L, Lacret R, Pham TH, Vior NM, Eyles TH and
Truman AW (2019). Uncovering the unexplored diversity of thioamidated ribosomal peptides
in Actinobacteria using the RIPPER genome mining tool. Nucleic Acids Res 47, 4624-4637.
[PubMed: 30916321]

Sardar D and Schmidt EW (2016). Combinatorial biosynthesis of RiPPs: docking with marine life.
Curr Opin Chem Biol 31, 15-21. [PubMed: 26709871]

Scannell JW, Blanckley A, Boldon H and Warrington B (2012). Diagnosing the decline in
pharmaceutical R&D efficiency. Nat Rev Drug Discov 11, 191-200. [PubMed: 22378269]

Scott JJ, Oh DC, Yuceer MC, Klepzig KD, Clardy J and Currie CR (2008). Bacterial protection of
beetle-fungus mutualism. Science 322, 63. [PubMed: 18832638]

Shaaban KA, Wang X, Elshahawi SI, Ponomareva LV, Sunkara M, Copley GC, Hower JC, Morris AJ,
Kharel MK and Thorson JS (2013). Herbimycins D-F, ansamycin analogues from Streptomyces
sp. RM-7-15. J Nat Prod 76, 1619-1626. [PubMed: 23947794]

Shah AM, Shakeel, U. Rehman, Hussain A, Mushtaq S, Rather MA, Shah A, Ahmad Z, Khan IA, Bhat
KA and Hassan QP. (2017). Antimicrobial investigation of selected soil actinomycetes isolated
from unexplored regions of Kashmir Himalayas, India. Microb Pathog 110, 93-99. [PubMed:
28647504]

Shan W, Zhou Y, Liu H and Yu X (2018). Endophytic Actinomycetes from Tea Plants (Camellia
sinensis): Isolation, Abundance, Antimicrobial, and Plant-Growth-Promoting Activities. Biomed
Res Int 2018, 1470305. [PubMed: 30519568]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 23

Shang NN, Zhang Z, Huang JP, Wang L, Luo J, Yang J, Peng T, Yan Y, Ma YT and Huang SX (2018).
Glycosylated piericidins from an endophytic streptomyces with cytotoxicity and antimicrobial
activity. J Antibiot (Tokyo) 71, 672-676. [PubMed: 29651143]

Sherpa RT, Reese CJ and Montazeri Aliabadi H (2015). Application of iChip to Grow “Uncultivable”
Microorganisms and its Impact on Antibiotic Discovery. J Pharm Pharm Sci 18, 303-315.
[PubMed: 26517134]

Shi J, Liu CL, Zhang B, Guo WJ, Zhu J, Chang CY, Zhao EJ, Jiao RH, Tan RX and Ge HM (2019).
Genome mining and biosynthesis of kitacinnamycins as a STING activator. Chem Sci 10, 4839—
4846. [PubMed: 31160959]

Sodini I, Latrille E and Corrieu G (2000). Identification of interacting mixed cultures of lactic acid
bacteria by their exclusion from a model predicting the acidifying activity of non-interacting
mixed cultures. Appl Microbiol Biotechnol 54, 715-718. [PubMed: 11131401]

Soujanya KN, Siva R, Mohana Kumara P, Srimany A, Ravikanth G, Mulani FA, Aarthy T, Thulasiram
HV, Santhoshkumar TR, Nataraja KN and Uma Shaanker R (2017). Camptothecin-producing
endophytic bacteria from Pyrenacantha volubilis Hook. (Icacinaceae): A possible role of a
plasmid in the production of camptothecin. Phytomedicine 36, 160-167. [PubMed: 29157810]

Steinert G, Whitfield S, Taylor MW, Thoms C and Schupp PJ (2014). Application of diffusion growth
chambers for the cultivation of marine sponge-associated bacteria. Mar Biotechnol (NY) 16,
594-603. [PubMed: 24838766]

Strobel G and Daisy B (2003). Bioprospecting for microbial endophytes and their natural products.
Microbiol Mol Biol Rev 67, 491-502. [PubMed: 14665674]

Suga T, Kimura T, Inahashi Y, Iwatsuki M, Nonaka K, Také A, Matsumoto A, Takahashi Y, Omura
S and Nakashima T (2018). Hamuramicins A and B, 22-membered macrolides, produced by
an endophytic actinomycete Allostreptomyces sp. K12-0794. J Antibiot (Tokyo) 71, 619-625.
[PubMed: 29691484]

Tortorella E, Tedesco P, Palma Esposito F, January GG, Fani R, Jaspars M and De Pascale D (2018).
Antibiotics from Deep-Sea Microorganisms: Current Discoveries and Perspectives. Mar Drugs
16.

Van Arnam EB, Ruzzini AC, Sit CS, Horn H, Pinto-Tomas AA, Currie CR and Clardy J (2016).
Selvamicin, an atypical antifungal polyene from two alternative genomic contexts. Proc Natl
Acad Sci U S A 113, 12940-12945. [PubMed: 27803316]

Van Beek S and Priest FG (2002). Evolution of the lactic acid bacterial community during malt whisky
fermentation: a polyphasic study. Appl Environ Microbiol 68, 297-305. [PubMed: 11772639]

Van Heel AJ, De Jong A, Montalban-Lépez M, Kok J and Kuipers OP (2013). BAGEL3: Automated
identification of genes encoding bacteriocins and (non-)bactericidal posttranslationally modified
peptides. Nucleic Acids Res 41, W448-453. [PubMed: 23677608]

Vartoukian SR, Palmer RM and Wade WG (2010). Strategies for culture of ‘unculturable’ bacteria.
FEMS Microbiol Lett 309, 1-7. [PubMed: 20487025]

Vaz Jauri P, Bakker MG, Salomon CE and Kinkel LL (2013). Subinhibitory antibiotic concentrations
mediate nutrient use and competition among soil streptomyces. PL0oS One 8, €81064. [PubMed:
24339897]

Wall ME (1998). Camptothecin and taxol: discovery to clinic. Med Res Rev 18, 299-314. [PubMed:
9735871]

Wang M, Carver JJ, Phelan VVV, Sanchez LM, Garg N, Peng Y, Nguyen DD, Watrous J, Kapono CA,
Luzzatto-Knaan T, Porto C, Bouslimani A, Melnik AV, Meehan MJ, Liu WT, Criisemann M,
Boudreau PD, Esquenazi E, Sandoval-Calderén M, Kersten RD, Pace LA, Quinn RA, Duncan
KR, Hsu CC, Floros DJ, Gavilan RG, Kleigrewe K, Northen T, Dutton RJ, Parrot D, Carlson
EE, Aigle B, Michelsen CF, Jelsbak L, Sohlenkamp C, Pevzner P, Edlund A, Mclean J, Piel J,
Murphy BT, Gerwick L, Liaw CC, Yang YL, Humpf HU, Maansson M, Keyzers RA, Sims AC,
Johnson AR, Sidebottom AM, Sedio BE, Klitgaard A, Larson CB, P, C AB, Torres-Mendoza D,
Gonzalez DJ, Silva DB, Marques LM, Demarque DP, Pociute E, O’neill EC, Briand E, Helfrich
EJN, Granatosky EA, Glukhov E, Ryffel F, Houson H, Mohimani H, Kharbush JJ, Zeng Y,
Vorholt JA, Kurita KL, Charusanti P, Mcphail KL, Nielsen KF, Vuong L, Elfeki M, Traxler
MF, Engene N, Koyama N, Vining OB, Baric R, Silva RR, Mascuch SJ, Tomasi S, Jenkins S,
Macherla V, Hoffman T, Agarwal V, Williams PG, Dai J, Neupane R, Gurr J, Rodriguez AMC,

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ossai et al.

Page 24

Lamsa A, Zhang C, Dorrestein K, Duggan BM, Almaliti J, Allard PM, Phapale P, Nothias LF,
Alexandrov T, Litaudon M, Wolfender JL, Kyle JE, Metz TO, Peryea T, Nguyen DT, Vanleer D,
Shinn P, Jadhav A, Muller R, Waters KM, Shi W, Liu X, Zhang L, Knight R, Jensen PR, Palsson
BO, Pogliano K, Linington RG, Gutiérrez M, Lopes NP, Gerwick WH, Moore BS, Dorrestein
PC and Bandeira N (2016). Sharing and community curation of mass spectrometry data with
Global Natural Products Social Molecular Networking. Nat Biotechnol 34, 828-837. [PubMed:
27504778]

Wang X-J, Zhang B, Yan YJ, An J, Zhang J, Liu CX and Xiang WS. (2013). Characterization and
analysis of an industrial strain of Streptomyces bingchenggensis by genome sequencing and gene
microarray. Genome 56, 677-689. [PubMed: 24299107]

Wang X, Elshahawi SI, Cai W, Zhang Y, Ponomareva LV, Chen X, Copley GC, Hower JC, Zhan
CG, Parkin S, Rohr J, Van Lanen SG, Shaaban KA and Thorson JS (2017). Bi- and Tetracyclic
Spirotetronates from the Coal Mine Fire Isolate Streptomyces sp. LC-6-2. J Nat Prod 80, 1141—
1149. [PubMed: 28358212]

Wang X, Shaaban KA, Elshahawi SI, Ponomareva LV, Sunkara M, Copley GC, Hower JC, Morris AJ,
Kharel MK and Thorson JS (2014). Mullinamides A and B, new cyclopeptides produced by the
Ruth Mullins coal mine fire isolate Streptomyces sp. RM-27-46. J Antibiot (Tokyo) 67, 571-575.
[PubMed: 24713874]

Wang Z, Tian J, Li X, Gan L, He L, Chu Y and Tian Y (2018). Streptomyces dioscori sp. nov., a Novel
Endophytic Actinobacterium Isolated from Bulbil of Dioscorea bulbifera L. Curr Microbiol 75,
1384-1390. [PubMed: 29946896]

Wani MC, Taylor HL, Wall ME, Coggon P and Mcphail AT (1971). Plant antitumor agents. V1. The
isolation and structure of taxol, a novel antileukemic and antitumor agent from Taxus brevifolia. J
Am Chem Soc 93, 2325-2327. [PubMed: 5553076]

Watrous J, Roach P, Alexandrov T, Heath BS, Yang JY, Kersten RD, Van Der Voort M, Pogliano K,
Gross H, Raaijmakers JM, Moore BS, Laskin J, Bandeira N and Dorrestein PC (2012). Mass
spectral molecular networking of living microbial colonies. Proc Natl Acad Sci U S A 109,
E1743-1752. [PubMed: 22586093]

Weber T, Blin K, Duddela S, Krug D, Kim HU, Bruccoleri R, Lee SY, Fischbach MA, Miiller R,
Wobhlleben W, Breitling R, Takano E and Medema MH (2015). antiSMASH 3.0-a comprehensive
resource for the genome mining of biosynthetic gene clusters. Nucleic Acids Res 43, W237-243.
[PubMed: 25948579]

Wong FT and Khosla C (2012). Combinatorial biosynthesis of polyketides--a perspective. Curr Opin
Chem Biol 16, 117-123. [PubMed: 22342766]

Wright GD (2017). Opportunities for natural products in 21(st) century antibiotic discovery. Nat Prod
Rep 34, 694-701. [PubMed: 28569300]

Wu H, QuS, Lu C, Zheng H, Zhou X, Bai L and Deng Z (2012). Genomic and transcriptomic
insights into the thermo-regulated biosynthesis of validamycin in Streptomyces hygroscopicus
5008. BMC Genomics 13, 337. [PubMed: 22827618]

Wu MH, Huang SB and Lee GB (2010). Microfluidic cell culture systems for drug research. Lab Chip
10, 939-956. [PubMed: 20358102]

Xu DB, Ye WW, Han Y, Deng ZX and Hong K (2014). Natural products from mangrove
actinomycetes. Mar Drugs 12, 2590-2613. [PubMed: 24798926]

Xu L, Huang H, Wei W, Zhong Y, Tang B, Yuan H, Zhu L, Huang W, Ge M, Yang S, Zheng H,

Jiang W, Chen D, Zhao GP and Zhao W (2014). Complete genome sequence and comparative
genomic analyses of the vancomycin-producing Amycolatopsis orientalis. BMC Genomics 15,
363. [PubMed: 24884615]

Xue Charlie Changli and O’brien Kylie A. (2015). Chapter 1 Modalities of Chinese Medicine.

Yamanaka K, Reynolds KA, Kersten RD, Ryan KS, Gonzalez DJ, Nizet V, Dorrestein PC and Moore
BS (2014). Direct cloning and refactoring of a silent lipopeptide biosynthetic gene cluster yields
the antibiotic taromycin A. Proc Natl Acad Sci U S A 111, 1957-1962. [PubMed: 24449899]

Yan X, Ge H, Huang T, Hindra, Yang D, Teng Q, Crnov¢i¢ I, Li X, Rudolf JD, Lohman JR,
Gansemans Y, Zhu X, Huang Y, Zhao LX, Jiang Y, Van Nieuwerburgh F, Rader C, Duan Y

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ossai et al.

Page 25

and Shen B (2016). Strain Prioritization and Genome Mining for Enediyne Natural Products.
mBio 7.

Yan X, Li Y, Wang N, Chen Y and Huang LL (2018). Streptomyces ginkgonis sp. nov., an endophyte
from Ginkgo biloba. Antonie Van Leeuwenhoek 111, 891-896. [PubMed: 29177601]

Yu M, Li Y, Banakar SP, Liu L, Shao C, Li Z and Wang C (2019). New Metabolites From the Co-
culture of Marine-Derived Actinomycete Streptomyces rochei MB037 and Fungus Rhinocladiella
similis 35. Front Microbiol 10, 915. [PubMed: 31134000]

Zhang JJ, Yamanaka K, Tang X and Moore BS (2019). Direct cloning and heterologous expression of
natural product biosynthetic gene clusters by transformation-associated recombination. Methods
Enzymol 621, 87-110. [PubMed: 31128791]

Zhang Y, Adnani N, Braun DR, Ellis GA, Barns KJ, Parker-Nance S, Guzei IA and Bugni TS (2016).
Micromonohalimanes A and B: Antibacterial Halimane-Type Diterpenoids from a Marine
Micromonospora Species. J Nat Prod 79, 2968-2972. [PubMed: 27813411]

J Appl Microbiol. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ossai et al.

Number of publications

700

600

(%
o
o

=Y
o
o

W
o
o

N
o
o

100

Page 26

1940

M O N W =~ O MmO G oW <t ™~ o m
<t <t stV WD WO O O~~~ Y © O
Y YD DY DYDY YD YD Y Yy Oy Oy Y © O
Con TR B TR TR e O T T o R O O T T B I | = o~ N~

Figurel.
Publication trend on actinomycetes from 1940 to 2018. The data were retrieved from the

I1SI Web of Science. The search term “actinomycetes” was used to extract the data from
PubMed.
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Publication trend on rare actinomycetes from 1950 to 2019. The data were retrieved from
PubMed. The search term “Rare actinomycetes” was used to extract the data from PubMed.
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Figure 3.
Recently used approaches for the discovery of bioactive metabolites from actinomycetes.

While exploration of actinomycetes from unique environments has been conducted for many
years, iChip technique, diffusion chamber-facilitated culture, examination of endophytic

and symbiotic bacteria, and metabolite profiling-derived discovery of bioactive metabolites
represent recently developed approaches. Pictures of natural environments are taken

from the creative commons and marked as “dedicated to public domains” (Weblinks:
https://search.creativecommons.org/photos/32636618-a8a5-4dcf-81c6-de3ee87f5abe; https://
search.creativecommons.org/photos/c4b808de-03de-47a8-8c7a-3¢8924ec0ff2; https://
search.creativecommons.org/photos/3be5e8bc-3ac6-4e5c-a9f4-bb717e258998; https://
search.creativecommons.org/photos/f22282da-d4f9-4400-8051-dfbdf8da0844)
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A. Bioactive metabolites produced by actinomycetes of unique environmental origin
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Figure 4.
Representative examples of bioactive metabolites isolated from actinomycetes retrieved

from the unique environmental origin (a), and symbiotic actinomycetes (b)
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A. New bioacti holites produced by endophytic actinomycetes
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Figure5.

o,

Examples of new metabolites produced by endophytic actinomycetes (A), through co-

cultures (B) and genome mining (C)
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Figure®6.
Approaches for activation of silent secondary metabolites biosynthetic gene clusters. Co-

culture techniques include culture of multiple organisms on agar plates, in droplets or
membrane-partitioned systems. Genome-guided approach relies on identification of dormant
gene clusters that follows their activation through genetic engineering or employment of
activators.
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