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Abstract. Ningsih F, Sari DCAF, Yabe S, Yokota A, Sjamsuridzal W. 2020. Potential secondary metabolite biosynthetic gene clusters
and antibacterial activity of novel taxa Gandjariella. Biodiversitas 21: 5674-5684. Microbial resistance to available antibiotics has gained
increasing attention in recent years and led to the urgent search for active secondary metabolites from novel microbial taxa. This study
aimed to assess putative secondary metabolite biosynthetic gene clusters (BGCs) in the genome of a novel thermophilic Actinobacteria type
strain Gandjariella thermophila SL3-2-4T and screen for its antibacterial activity. Four other related novel candidate Actinobacteria strains,
isolated from forest soil in the Cisolok geothermal area (West Java, Indonesia), were also screened for antibacterial activity in various media
solidified with gellan gum. The genome of the SL3-2-47 strain contained 21 antiSMASH-identified secondary metabolite regions harboring
BGCs. These BGCs were for polyketide synthase, non-ribosomal peptide synthase, and ribosomally synthesized and post-translationally
modified peptide family clusters. Three BGC regions displayed 50-100% similarity with known secondary metabolites. Thirteen and five
regions displayed low (4-35%) and no similarity with known BGCs for secondary metabolites, respectively. Strains SL3-2-4" and SL3-2-7
on MM 2 medium solidified with gellan gum at 45 °C for 14 days demonstrated inhibitory activity against all Gram-positive, but not Gram-
negative bacteria. Strain SL3-2-10 on ISP 3 gellan gum medium incubated for seven days only active against K. rhizophila NBRC 12078.
Strains SL3-2-6 and SL3-2-9 did not exhibit any antibacterial activity against the tested bacterial strains on the three tested media. The

results indicated that novel taxa have the potential for the discovery of active secondary metabolites.
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INTRODUCTION

New antimicrobial agents with novel chemical
structures are urgently needed to fight the increasing
number of pathogenic microorganism strains developing
resistance to available antibiotics. Natural products remain
the most promising source of novel antibiotics (Tiwari and
Gupta 2012). Many are derived from the filamentous
Actinobacteria  (traditionally called actinomycetes).
Unfortunately, the discovery rate of novel antibiotics from
actinomycetes has declined in recent decades due to
reduced screening efforts rather than the exhaustion of
compounds (Baltz 2008). This situation has encouraged
researchers to explore new microbial resources for medical
and industrial purposes (Bérdy 2012; Kurtbdke 2012).

Members of the class Actinobacteria, especially the
genus Streptomyces, have received greater attention since
their discovery and are prolific producers of natural
bioactive compounds. They also have an extensive
secondary metabolism, producing approximately two-thirds
of all naturally derived antibiotics in current clinical use
and many antifungal, antibacterial, anti-parasitic, and
antitumor compounds (Bérdy 2012; Solecka et al. 2012).

This extensive secondary metabolism has led to the
discovery of more than 120 antibiotics, enzymes, enzyme
inhibitors, and many other useful products from
actinobacterial sources (Tiwari and Gupta 2012; Hamedi
and Wink 2017). Therefore, actinomycetes are significant
producers of medically and industrially relevant secondary
metabolites (Solecka et al. 2012; Tiwari and Gupta 2012).
Currently, genomics approaches are widely used to
facilitate the discovery of novel compounds by detection of
putative biosynthetic gene clusters (BGCs) within bacterial
genome sequences (Adamek et al. 2018). The exploitation
of genome sequences to screen regions encoding
biosynthetic pathways for secondary metabolite production
began with the publication of the complete genome
sequences of model organisms Streptomyces avermitilis
ATCC 31267 (Omura et al. 2001) and S. coelicolor A3(2)
(Bentley et al. 2002). They revealed promising BGCs that
had not yet been discovered. Genome mining was
developed based on these genome sequencing projects,
leading to the discovery of novel compounds in many
actinobacterial strains (Kersten et al. 2013; Aigle et al.
2014; Chen et al. 2016). The approach was able to identify
cryptic BGCs in bacterial genomes, potentially encoding
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products with novel chemical structures, which are
sometimes not expressed under conventional laboratory
conditions (Rutledge and Challis 2015; Baltz 2017).

Natural products can be divided into classes according
to their molecular assembly machines, most assembled in
clusters, and consist of biosynthetic genes (BGCs). BGCs
produce bioactive chemical compounds. Bioactive
compounds can be in the form of polyketide synthases
(PKSs), non-ribosomal peptide synthetases (NRPSs),
ribosomally synthesized and post-translationally modified
peptides (RiPPs), saccharides, terpenoids, and hybrid
structures (Adamek et al. 2018; Eustdquio and Ziemert
2018). Rapid advances in genomic analysis and
bioinformatics tools for identifying putative BGCs within
actinobacterial strain genomes have led to the elucidation
of biosynthetic pathways of previously unknown or
unexplored bioactive compounds (Niu 2018). One of the
most innovative and widely used tools for detecting
secondary metabolite BGCs is Antibiotics and Secondary
Metabolite Analysis Shell (antiSMASH). Initially released
in 2011, the updated version 4 of antiSMASH will further
accelerate genome mining for novel bioactive compounds
(Blin et al. 2017), including prediction of gene cluster
boundaries and improved substrate specificity.

Intensive efforts have been carried out to isolate and
screen rare and novel taxa of thermophilic Actinobacteria.
It is done to discover new secondary metabolites from
extreme temperature environments. Rare Actinobacteria
are usually non-streptomycete strains with a low isolation
frequency compared to streptomycete strains isolated using
common methods (Tiwari and Gupta 2012). Several studies
on thermophilic Actinobacteria producing bioactive
compounds have been conducted previously. A study by
Hu et al. (2007) showed that Streptomyces refuineus subsp.
thermotolerans produces anthramycin with antitumor and
antimicrobial activities. Marinactinospora thermotolerans
SCSIO 00652 produces p-carboline and indolactam
alkaloids with antimalarial activity (Huang et al. 2011).
Microbispora aerata strain IMBAS-11A produces
diketopiperazine, a neuroprotective agent (lvanova et al.
2013). Many natural extreme environments remain either
unexplored or under-explored. It could be potential
resource for novel rare Actinobacteria, increasing the
possibility of finding potentially novel secondary
metabolites (Bérdy 2012; Tiwari and Gupta 2012).

In the previous study, a new species of thermophilic
bacteria, Paenibacillus cisolokensis, was successfully
isolated from litter in the Cisolok geyser, West Java,
Indonesia (Yokota et al. 2016). Sjamsuridzal et al. (2017,
data not shown) obtained two thermophilic Actinobacteria
isolates in litter samples from the Cisolok geyser. They
were identified as Actinomadura keratinilytica, which
produced various extracellular enzymes, including
amylase, cellulase, and xylanase, at 50 °C. These isolates
also demonstrated antibacterial activity towards Gram-
positive bacteria Kocuria rhizophila NBRC 12078 (Yokota
et al. 2017, unpublished data). Ningsih et al. (2019) have
been successfully isolated a novel genus and species of
thermophilic Actinobacteria belonging to the family
Pseudonocardiaceae known as Gandjariella thermophila
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SL3-2-47, along with five other related candidate novel
strains (SL3-2-5, SL3-2-6, SL3-2-7, SL3-2-9, and SL3-2-
10), from forest soil in the Cisolok geothermal area. These
previous studies indicated the high possibility of finding
novel thermophilic bacterial taxa as potential secondary
metabolite producers from litter and soil samples in the
Cisolok geothermal area. However, genome mining for
putative secondary metabolite BGCs of strain SL3-2-4T,
and its antimicrobial activity along with other related
strains have not yet been described.

In silico analysis of genome sequences from novel taxa
is useful to predict BGCs of potentially novel secondary
metabolites. Additional information concerning the
antimicrobial activity of novel taxa further confirms or
refutes their potency as antibiotic producers. This study
aimed to identify putative secondary metabolite BGCs
from the genome of novel thermophilic Actinobacteria type
strain G. thermophila SL3-2-4T. This study also screens
antibacterial activity of the type strain along with four other
related novel candidate strains.

MATERIALS AND METHODS

Microorganisms

Five novel rare thermophilic Actinobacteria strains
were used in this study, namely G. thermophila SL3-2-4T,
SL3-2-6, SL3-2-7, SL3-2-9, and SL3-2-10. They were
isolated from forest soil under bamboo trees (6°56'00.0"S
106°27'12.8"E) in the geothermal area of Cisolok (West
Java, Indonesia). The type strain G. thermophila SL3-2-47
was a novel genus and species from the family
Pseudonocardiaceae. The other four strains were closely
related to the type strain with 99.7-100% similarity based
on NCBI BLAST results (Ningsih et al. 2019). All strains
were grown on International Streptomyces Project (ISP) 3
medium (Shirling and Gottlieb, 1966) solidified with gellan
gum at 45 °C for 7-14 days, and maintained at room
temperature as stock cultures. Long-term preservation was
conducted using agar blocks in 20% (v/v) glycerol stock
solutions at -80 °C (freezing method) and lyophilized cells
(liquid-drying method) (Ningsih et al. 2019). All strains
were deposited at the Universitas Indonesia Culture
Collection (UICC; Universitas Indonesia, Depok,
Indonesia). The test strains used for antibacterial assays
included Gram-positive Bacillus subtilis NBRC 13719,
Staphylococcus aureus NBRC 100910, and Kocuria
rhizophila NBRC 12078, and Gram-negative Escherichia
coli NBRC 3301 from NITE Biological Resource Center
(NBRC) Culture Collection (Chiba, Japan), cultivated and
maintained on Mueller-Hinton agar (Difco Laboratories,
Detroit, MI, USA) medium.

Genomic DNA extraction and whole-genome
sequencing of strain SL3-2-4"

The extraction of genomic DNA for whole-genome
sequencing was conducted as described by Yabe et al.
(2010) and Zheng et al. (2019). Genomic DNA of the type
strain G. thermophila SL3-2-47 was prepared using a
modification of the Gentra Puregene Yeast/Bact. Kit B
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protocol provided by the manufacturer (Qiagen, Hilden,
Germany). Bacterial cells were collected from culture broth
by centrifugation (14,000 rpm, 4 °C, 10 min). The pellet
was mixed with 600 pL cell suspension buffer (Qiagen),
0.5 mg/mL achromopeptidase (Wako Pure Chemical Corp.,
Osaka, Japan), and 0.75 mg/mL lysozyme (MP Biomedicals,
LLC, llkirch, France), followed by incubation at 37 °C for
45 min for cell lysis. RNase A solution (3 pL, Qiagen) was
added and incubated at 37 °C for one hour. Proteinase K
(10 puL (20 mg/mL) (Nacalai Tesque Inc., Kyoto, Japan)
was added and incubated at 55 °C for one hour, followed
by gentle shaking overnight at 37 °C. Finally, 100 uLL. DNA
hydration solution (Qiagen) was added to dissolve the dried
DNA pellet, which could be used for genome sequencing
analysis or stored at -20 °C for further use.

Genome sequences were obtained using the Illumina
platform (Macrogen, Kyoto, Japan). De novo assembly was
used to analyze the reads using SPAdes (http:
/lcab.spbu.ru/software/spades/; Bankevich et al. 2012). The
draft genome sequence was then submitted to the DDBJ
Fast Annotation and Submission Tool server (https:
/ldfast.nig.ac.jp) for annotation (Tanizawa et al. 2018). The
genome plot of strain SL3-2-4T was then generated using
CGView  Server  (http:  //stothard.afns.ualberta.ca/
cgview_server/index.html; Grant and Stothard 2008). The
antiSMASH tool was used to analyze secondary metabolite
gene clusters within the genome (https:
/lantismash.secondarymetabolites.org; Blin et al. 2017).

Screening for antibacterial activity

Three different media, including ISP 3 (20 g oatmeal,
1000 mL distilled water, pH 7.3; Shirling and Gottlieb,
1966), minimal medium 1 (MM 1) (0.5 g L-asparagine, 0.5
g KzHPOy4, 0.2 g MgS0,4.7H,0, 0.01 g FeS04.7H;0, 10 g
glucose, 1000 mL distilled water, pH 7.0-7.2; Hopwood,
1967), and minimal medium 2 (MM 2) (0.5 g (NH4)2SO4,
0.5 g KzHPO4, 0.2 g MgS04.7H,0, 0.01 g FeS04.7H,0, 10
g glucose, 1000 mL distilled water, pH 7.0-7.2; Kieser et
al. 2000), were solidified with 2% gellan gum (added with
0.2% MgCl,). They are used as growth media for the
Actinobacteria strains. All Actinobacteria strains were
cultivated at 45 °C for 7 and 14 days of incubation.
Antibacterial activity was tested against Gram-positive S.
aureus, B. subtilis, and K. rhizophila, and Gram-negative
E. coli. The tested bacterial strains were grown on nutrient
broth (NB) medium overnight at 30 °C in a shaking
incubator, one day before the 7th and 14th days of
actinobacterial strains incubation. Antibacterial activity was
assessed using the agar plug diffusion method (Balouiri et
al. 2016). Agar plugs of 7 and 14-day Actinobacteria
cultures were placed on the surface of Mueller-Hinton agar
containing the test strains. The inhibition zone was
observed after overnight incubation at 30°C.

RESULTS AND DISCUSSION

Morphology of actinobacterial strains in various media
solidified with gellan gum

The five actinobacterial strains were observed for
colony growth (substrate mycelium formation), soluble
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pigment production, and spore formation after incubation
for 14 days at 45 °C (Table 1, Figure 1). All strains
exhibited good growth and abundant formation of spore
and substrate mycelium on ISP 3 gellan gum medium.
Soluble pigment production was also observed on ISP 3
gellan gum medium. Strains SL3-2-4T, SL3-2-7, and SL3-
2-10 produced dark-orange, wine-red, and light-orange
pigment, respectively, but no pigment was observed for
strains SL3-2-6 and SL3-2-9. Growth or substrate
mycelium formation on MM 1 and MM 2 gellan gum
media was abundant in all strains. However, spore
formation and soluble pigment production were not
observed in any strain on MM 1 and 2 gellan gum media.

Mycelial ~ Actinobacteria, like members of the
Streptomyces genus, exhibit a wide variety of morphologies,
including the presence or absence of aerial mycelium,
mycelium color, production of diffusible melanoid pigments,
and the structure and appearance of their spores (Barka et
al. 2016). These morphologies are important factors in
genera differentiation but do not provide adequate
information for classification. The formation of both
substrate and aerial mycelium is mainly affected by
nutrient availability and other favorable conditions (e.g.,
pH, temperature, NaCl tolerance) (Mohammadipanah and
Dehhaghi 2017). Actinobacteria spores will germinate and
tend to form substrate mycelia under favorable conditions
with adequate nutrients. Conversely, many morphological
differentiations occur when sufficient nutrients are not
available to cells, such as aerial hyphae (Hamedi et al.
2017). This morphological differentiation is associated with
antibiotic production, exemplified by Saccharopolyspora
erythraea, Streptomyces avermitilis, and S. coelicolor
produced erythromycin, avermectin, and actinorhodin,
respectively (Barka et al. 2016).

Standard ISP media are used for the cultivation and
characterization of Streptomyces species (Shirling and
Gottlieb, 1966). These media are used to describe strain
characteristics such as the color of the colony, spore, and
aerial and substrate mycelium, as well as diffusible
pigment characteristics (Mohammadipanah and Dehhaghi
2017). In this study, the representative ISP 3 medium
solidified with gellan gum was used for cultivation. This
medium showed abundant spore formation in 11 of 12 rare
thermophilic actinobacterial isolates (Sari et al. 2020).
Meanwhile, minimal medium (MM) was previously used
as a sporulation medium for maintaining stock cultures and
plating S. coelicolor spore suspensions (Hopwood and Sermonti
1963; Hopwood 1967). Gellan gum was employed as a
solidifying agent in the cultivation media due to its high
thermal stability, making it suitable as a growth medium
for thermophiles (Das et al. 2015). Previously, gellan gum
successfully improved the growth of slow-growing
actinobacterium Frankia sp. strain Ccl3 in solid media by
increasing colony development and spore germination
efficiency in other Frankia strains (Bassi and Benson 2007).

Actinobacteria produce several pigments that affect
colonies, medium, and aerial mycelium based on their
water solubility. Production of pigments depends on
medium substances, culture conditions, and age of the
strain. Members of Actinobacteria produce a dark pigment,
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melanin, which is considered valuable for taxonomic
relatedness. Melanins are polymers with diverse structures
produced by a broad range of organisms (Barka et al. 2016;
Mohammadipanah and Dehhaghi 2017). Melanins have
important roles, including contributing to the structural
rigidity of cell walls to protect against stress caused by high
temperature, heavy metals, and exposure to solar UV
radiation. Previously, Streptomyces glaucescens strain
NEAE-H, isolated from a soil sample in Al-Taif, Saudi
Arabia, demonstrated anticancer and antioxidant activities
from its extracellular melanin pigment (EI-Naggar and EI-
Ewasy 2017).

Genome features and putative secondary metabolite
BGC:s of the type strain Gandjariella thermophila SL3-2-4T
The genome of the type strain G. thermophila SL3-2-47
comprised 6.12 Mb with 5,740 protein-coding genes, 131
contigs, and 71.6 mol% DNA GC content (Ningsih et al.
2019). The circular genome plot generated by the CGView
Server is shown in Figure 2. The CGView Server generated
genome maps with contigs 409,311 bp in length, displayed
open reading frames (ORFs), start and stop codons,
guanine, and cytosine (GC) composition, and GC skews.
They are useful for the identification of conserved or
diverged genome fragments. Comparisons between genome
maps within a family can be used for sequence
identification. Visualization of the known genome region
enfolded by newly acquired genome sequences can also be
observed in the generated maps (Grant and Stothard 2008).
The genome sequence of the family members of
Pseudonocardiaceae that are available to the public
includes the genera Amycolatopsis, Saccharomonospora,
Saccharopolyspora, Saccharothrix, Pseudonocardia, and
Thermobispora. Their features and secondary metabolite
clusters have been compared and analyzed. Amycolatopsis
mediterranei U32 has the largest genome with 10.2 Mb
(9,228 CDS), while Thermobispora bispora DSM 43833
has the smallest genome with 4.1 Mb (3,596 CDS) (Strobel
et al. 2012), compared to G. thermophila SL3-2-4T with
6.12 Mb (5,740 CDS). The highest number of secondary

5677

metabolite clusters was identified in Saccharopolyspora
erythraea NRRL 2338 (8.2 Mb genome size; 7,198 CDS),
Saccharothrix espanaensis DSM 44229 (9.36 Mb genome
size; 8,427 CDS), and A. mediterranei U32 with 30, 26,
and 25 clusters, respectively. Conversely, the lowest
number of secondary metabolite clusters was discovered in
Pseudonocardia dioxanivorans CB1190 (7.09 Mb genome
size) and T. bispora DSM 43833 with only 5 clusters each
(Strobel et al. 2012).

A total of 21 secondary metabolite regions harboring
BGCs for PKS, NRPS, and RiPP family clusters were
identified in the genome of the type strain SL3-2-4" (Table
2). One region matched with known ectoine BGC from
Streptomyces anulatus with 100% similarity. Ectoine is an
organic low-molecular-weight compound accumulated by
microorganisms as protection from stress due to heating,
high osmotic pressure, freezing, desiccation, and exposure
to salt. Nowadays, ectoine is utilized in various
biotechnology applications, including a moisturizer in
cosmetics and skincare products (Prabhu et al. 2004). Three
clusters (regions 1.2, 1.3, and 2.2) were possibly encoding
terpenoid biosynthetic enzymes. Cluster in region 1.2
display 53% similarity with hopene BGC from S.
coelicolor A3(2) (Redenbach et al. 1996; Bentley et al.
2002). Clusters in region 1.3 and 2.2 showed 18%
similarity with carotenoid BGC from S. avermitilis ATCC
31267 (Omura et al. 2001), and 4% similarity with SF2575
(polyketide: type Il + saccharide: hybrid/tailoring) BGC
from Streptomyces sp. SF2575 (Hatsu et al. 1992; Pickens
et al. 2009; Pickens et al. 2011; Li et al. 2014),
respectively. Bacterial terpenes, generated by terpene
cyclase, comprise large, structurally diverse, natural
products with potential bioactivity and are particularly
produced by actinomycetes, myxobacteria, and
cyanobacteria (Rabe et al. 2013). Many terpenes
demonstrate biological activities (metabolic, structural,
physiological, and defensive mechanisms) and have
pharmacological significance, including antioxidant, anti-
inflammatory, antimicrobial, and anticancer properties
(Gonzales-Burgos and Gomez-Serranillos 2012).

Table 1. Morphological characteristics of strains SL3-2-47, SL3-2-6, SL3-2-7, SL3-2-9, and SL3-2-10 at 45 ° C for 14 days of incubation

. Substrate mycelium Spore Color of substrate .
Isolate code Medium (growth) formation mycelium Soluble pigment

SL3-2-4T ISP 3 gellan gum +++ +++ Dark-orange Dark-orange

MM 1 gellan gum +++ - Ivory -

MM 2 gellan gum +++ - Light-orange -
SL3-2-6 ISP 3 gellan gum +++ +++ White -

MM 1 gellan gum +++ - Ivory -

MM 2 gellan gum +++ - Cream -
SL3-2-7 ISP 3 gellan gum +++ +++ Wine-red Wine-red

MM 1 gellan gum +++ - Cream -

MM 2 gellan gum +++ - Dark-orange -
SL3-2-9 ISP 3 gellan gum +++ +++ Deep-green -

MM 1 gellan gum +++ - Ivory -

MM 2 gellan gum +++ - Orange -
SL3-2-10 ISP 3 gellan gum +++ +++ Light-orange Light-orange

MM 1 gellan gum +++ - Light-orange -

MM 2 gellan gum +++ - Orange-yellow -

Note: +++, abundant; ++, moderate; +, poor; -, absent
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ISP 3 gellan gum MM 1 gellan gum MM 2 gellan gum

Figure 1. Morphology of strains (A) Gandjariella thermophila SL3-2-47, (B) SL3-2-6, (C) SL3-2-7, (D) SL3-2-9, and (E) SL3-2-10,
grown on ISP 3, MM 1, and MM 2 gellan gum media at 45 °C after 14 days of incubation.
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PKSs and NRPSs are advanced molecular tools
engaged in numerous bacterial natural products (Donadio
et al. 2007). PKSs are modular assembly line enzymes
classified into three groups, types I, 11, and 11, based on the
construction of the biosynthetic enzymes. Four clusters
were identified in the genome of the type strain SL3-2-4" to
produce type 1l PKS (T2PKS) displaying 52, 32, 21, and
13% similarity with known clusters including lysolipin |
BGC from Streptomyces tendae T 4042 (Lopez et al.
2010), paramagnetoquinone 1 BGC from Actinoallomurus
sp. ID145113 (lorio et al. 2017), griseohordin A BGC from
Streptomyces sp. JP95 (Li et al. 2002; Lackner et al. 2007;
Yunt et al. 2009), and murayaquinone BGC from
Streptomyces griseoruber Sgr29 (Gao et al. 2017),
respectively. Region 17.2 was recognized as cyanobactin-
type BGC showing 4% similarity with the dutomycin BGC
of Streptomyces minoensis NRRL B-5482 which possessed

1
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two PKS systems, including a type Il PKS and a rare highly
reducing iterative type | PKS (Sun et al. 2016). Meanwhile,
type Il PKS displaying 28% similarity with alkyl-O-
dihydrogeranyl-methoxyhydroquinone BGC from
Actinoplanes missouriensis 431, was identified in region
31.1 (Awakawa et al. 2011). PKS-derived natural products
are synthesized by decarboxylative condensation of
malonyl-CoA, involving acyltransferase (AT), thiolation
(T), or acyl carrier protein (ACP), and ketosynthase (KS)
(Strobel et al. 2012; Eustaquio and Ziemert 2018). The
widely-known actinomycete-derived antibiotics
synthesized by PKS were erythromycin  from
Saccharopolyspora erythraea and tetracycline from
Streptomyces (Fischbach and Walsh 2006). Clusters

containing PKSs in the genome of the type strain G.
thermophila were the largest in size, ranging between 57-
86 kb.

B OrF
[ start

Stop
B GC content
B GC skew+
M GC skew-

Figure 2. The genome plot of strain Gandjariella thermophila SL3-2-4T with contigs 409,311 bp in length. The colored boxes indicate
open reading frames (ORFs) in red, start codons in green, stop codons in orange, guanine and cytosine (GC) content in blue, GC skew+

in pink, and GC skew- in purple
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Table 2. Classification of putative biosynthetic gene clusters (BGCs) in strain Gandjariella thermophila SL3-2-4T identified by

antiSMASH
Types of
Contig Region Position rsr?:fanbdoellirt)é Most similar known cluster Similarity Reference
clusters
1 11 156,021-177,205 Indole - - -
1.2 308,109-334,468 Terpene Hopene BGC from Streptomyces coelicolor 53% Redenbach et al. (1996);
A3(2) Bentley et al. (2002)
1.3 347,583-368,527 Terpene Carotenoid BGC from Streptomyces 18% Omura et al. (2001)
avermitilis ATCC 31267
2 2.1 75,159-90,602  Siderophore Ficellomycin (NRP) BGC from 9% Liu et al. (2017)
Streptomyces ficellus NRRL 8067
2.2 177,552-198,748 Terpene SF2575 (Polyketide: Type Il + Saccharide: 4% Hatsu et al. (1992);
Hybrid/tailoring) BGC from Streptomyces Pickens et al. (2009);
sp. SF2575 Pickens et al. (2011); Li
et al. (2014)
2.3 219,430-263,533 NRPS-like A-500359 A/A-500359 B BGC from 8% Funabashi et al. (2009)
Streptomyces griseus SANK60196
4 4.1 81,243-93,324 Butyrolactone - - -
4.2 149,988-222,473 T2PKS Griseohordin A BGC from Streptomyces  21% Li et al. (2002); Lackner
sp. JP95 et al. (2007); Yunt et al.
(2009)
6 6.1 36,995-47,408  Ectoine Ectoine BGC from Streptomyces anulatus  100% Prabhu et al. (2004).
11 111 34,168-120,278 T2PKS Lysolipin I BGC from Streptomyces tendae 52% Lopez et al. (2010)
T 4042
14 14.1 41,695-62,660 Nucleoside S56-p1 (NRP) BGC from Streptomyces sp. 5% Matsuda et al. (2017)
SoC090715LN-17
16 16.1 85,977-108,847  Lanthipeptide  Stenothricin (NRP: Cyclic depsipeptide) 9% Liu et al. (2014)
BGC from Streptomyces filamentosus
NRRL 15998
17 17.1 8,135-80,638 T2PKS Paramagnetoquinone 1 BGC from 32% lorio et al. (2017)
Actinoallomurus sp. ID145113
17.2 95,558-113,297  Cyanobactin Dutomycin (polyketide) BGC from 4% Sun et al. (2016)
Streptomyces minoensis NRRL B-5482
19 19.1 22,741-47,071  Lanthipeptide  Pyrrolomycin A (Polyketide) BGC from 5% Zhang et al. (2007)
Streptomyces vitaminophilus ATCC 31673
20 20.1 1-57,160 T2PKS Murayaquinone BGC from Streptomyces  13% Gao et al. (2017)
griseoruber Sgr29
31 31.1 30,695-60,360  Bacteriocin, Alkyl-O-dihydrogeranyl- 28% Awakawa et al. (2011)
T3PKS methoxyhydroquinones BGC from
Actinoplanes missouriensis 431
42 42.1 1-37,682 NRPS-like - - -
43 43.1 14,992-34,882  Lanthipeptide = Goadsporin (RiPP: LAP) BGC from 12% Onaka et al. (2005)
Streptomyces sp. TP-A0584
59 59.1 1-16,574 NRPS-like, - - -
T1PKS
62 62.1 1-9,438 Bacteriocin - - -

Notes: BGC: biosynthetic gene cluster; LAP: linear azol(in)e-containing peptide; NRPS: non-ribosomal peptide synthetase cluster;
NRPS-like: NRPS-like fragment; RiPP: ribosomally synthesized and post-translationally modified peptide; TLPKS: Type | polyketide

synthase (PKS); T2PKS: Type Il PKS; T3PKS: Type Il PKS.

Three NRPS-like encoding clusters were also identified,
displaying an 8% similarity with A-500359 A/A-500359 B
BGC from Streptomyces griseus SANK60196 (Funabashi
et al. 2009). Meanwhile, other NRPS-like (region 42.1) and
NRPS-like/PKS type | hybrid (region 59.1) clusters were
unknown to other publicly available clusters. NRPSs
comprise  multimodular enzymatic lines including
adenylation (A), thiolation (T), and condensation (C)
domains (Strobel et al. 2012). The A domains selected
amino acids for building blocks then transferred to T (also

named peptidyl carrier protein or PCP) domains, followed
by condensation (C) domains, which catalyze peptide bond
formation (Eustaquio and Ziemert 2018). NRPS-produced
antibiotics derived from actinomycetes were vancomycin
by Amycolatopsis orientalis HCCB10007 and bleomycin
by Streptomyces verticillus ATCC 15003 (Fisbach and
Walsh 2006).

Other regions harboring three putative lanthipeptide-
type clusters displayed 12, 9, and 5% similarity with
goadsporin BGC from Streptomyces sp. TP-A0584 (Onaka
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et al. 2005), stenothricin BGC from Streptomyces
filamentosus NRRL 15998 (Liu et al. 2014), and
pyrrolomycin A BGC from S. vitaminophilus ATCC 31673
(Zhang et al. 2007), respectively. Lanthipeptides are among
the most-studied subgroup of RiPPs, renowned for
compounds distinguished by sulfur-to-B-carbon thioether
cross-links, named lanthionines and methyllanthionines.
Lanthipeptides with strong antimicrobial activity are
known as lantibiotics, such as a commercial food
preservative nisin (Zhang et al. 2015). Remaining clusters
consisted of siderophore-type displaying 9% similarity with
ficellomycin BGC from Streptomyces ficellus NRRL 8067
(Liu et al. 2017); and nucleoside-type with 5% similarity
with S56-p1 BGC from Streptomyces sp. SoC090715LN-
17 (Matsuda et al. 2017). Interestingly, the last five clusters
had no similarities with other publicly known clusters and
identified as indole-, butyrolactone-, NRPS-like, NRPS-
like/T1PKS hybrid, and bacteriocin-types. The presence of
low and no-similarity type clusters compared with
published known clusters suggested the high potential of
strain SL3-2-4" to produce novel bioactive compounds.

Antibacterial activity of Actinobacteria strains in
different media solidified with gellan gum

Agar plugs from the five Actinobacteria strains were
tested against Gram-positive and-negative bacterial strains.
The antibacterial activity of the five strains is shown in
Table 3 and Figure 3. Two strains, SL3-2-4" and SL3-2-7,
demonstrated positive results against all Gram-positive
bacterial strains on MM 2 gellan gum medium incubated at
45 °C for 14 days. Strains SL3-2-47 and SL3-2-10
exhibited activity against K. rhizophila NBRC 12078 on
ISP 3 gellan gum medium incubated for 7 days.
Meanwhile, SL3-2-7 showed positive activity against S.
aureus NBRC 100910 and K. rhizophila NBRC 12078 on
ISP 3 gellan gum medium incubated for 14 days. Among
the three media tested with strains SL3-2-4T, SL3-2-7, and
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SL3-2-10, the MM 1 gellan gum medium had no inhibitory
activity against the tested Gram-positive and -negative
bacteria. In addition, the three strains of Actinobacteria did
not show activity against E. coli NBRC 3301 in the three
media tested. Comparatively, strains SL3-2-6 and SL3-2-9
did not display antibacterial activity against any of the
tested strains in the three media at 7 and 14 days of
incubation.

The discovery of novel actinomycete-derived
antibiotics has declined in recent decades, leading more
researchers to exploit new microbial resources for valuable
microbial metabolites (Bérdy 2012; Kurtboke 2012).
Several species of novel taxa of Actinobacteria have been
reported to produce bioactive compounds.
Micromonospora lupini sp. nov. produces antitumor
anthraquinones (lgarashi et al. 2007). Verrucosispora
sediminis sp. nov. produces cyclodipeptide (Dai et al.
2010), and Pseudonocardia antitumoralis sp. nov.
produces antitumor agent deoxynyboquinone (Tian et al.
2013).

The 'One Strain-Many Compounds (OSMAC)
approach' developed by Bode et al. (2002) induces
chemical diversity by modifying cultivation parameters,
i.e., composition media, temperature, pH value, culture
flask, oxygen supply, and addition of enzyme inhibitors.
The approach was based on the observation that the
metabolic profile of various microorganisms changed
entirely when cultivation conditions were altered. OSMAC
successfully induced one microorganism, Streptomyces sp.
Go40/14, to produce up to 20 different secondary
metabolites (Bode et al. 2002). The antibacterial activity
results from the five Actinobacteria strains on various
media at varied incubation times demonstrated that the
production of their active secondary metabolites was
affected by cultivation media (availability of nutrients),
solidifying agents, as well as incubation time.

Table 3. Antibacterial activity of Actinobacteria strains grown on ISP 3, MM 1, and MM 2 media solidified with gellan gum at 45 °C

Antibacterial activity (zone inhibition in mm)

Strain codes Growth B. subtilis S. aureus K. rhizophila NBRC E. coli
media NBRC 13719 NBRC 100910 12078 NBRC 3301
7 days 14 days 7 days 14 days 7 days 14 days 7 days 14 days

SL3-2-4T 1 - - - - 9.18 - - -
2 - - - - - - - -

3 - 12.30 - 13.48 - 18.14 - -

SL3-2-6 1 - - - - - - - -
2 - - - - - - - -

3 - - - - - - - -

SL3-2-7 1 - - - 12.22 - 10.37 - -
2 - - - - - - - -

3 - 11.60 - 13.51 - 14.34 - -

SL3-2-9 1 - - - - - - - -
2 - - - - - - - -

3 - - - - - - - -

SL3-2-10 1 - - - - 9.87 - - -
2 - - - - - - - -

3 - - - - -

Notes: (1): ISP 3 gellan gum; (2): MM 1 gellan gum; (3): MM 2 gellan gum; (-): no inhibition zone observed
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Figure 3. Antibacterial activity of Actinobacteria strains on various media solidified with gellan gum against S. aureus NBRC 1000910
(A) SL3-2-4T on MM 2, (B) SL3-2-7 on ISP 3, (C) SL3-2-7 on MM 2; B. subtilis NBRC 13719 (D) SL3-2-4T on MM 2, (E): SL3-2-7 on
MM 2); and K. rhizophila NBRC 12078 (F) SL3-2-4T on MM 2, (G) SL3-2-4" on ISP 3, (H) SL3-2-7 on ISP 3, (I) SL3-2-7 on MM 2,

(J) SL3-2-10 on ISP 3

The medium used for cultivation can influence
microorganism  growth and metabolism.  The
carbon/nitrogen (C/N) ratio, salinity, and metal ions control
the level and pattern of gene expression in microorganisms
leading to the production of various secondary metabolites.
The utilization of a cultivation medium containing carbon
and nitrogen-based components changes the pH of the
medium due to the emergence of organic acids or the
aggregation of primary ammonium. Microorganisms will
then express specific sets of biosynthetic genes and
synthesize various specific metabolites (Pan et al. 2019). In
this study, we employed gellan gum as a solidifying agent
since it was known to induce best aerial mycelium and
spore formation in Actinobispora yunnanensis IFO 156817,
and other rare actinomycete genera, i.e., Sporichthya,
Planobispora, and Planomonospora. Gellan gum was also
previously used as a solidifying agent for isolation media
from which novel bioactive metabolite-producing strains
were successfully obtained (Suzuki 2001).

New and improved antibacterial agents are urgently
needed to treat infections caused by increasingly resistant
strains of pathogenic microorganisms (Tiwari and Gupta
2012). This study suggested that G. thermophila SL3-2-47
and other closely related novel candidate strains showed
promising results for producing active secondary
metabolites. Analysis of antiSMASH-identified secondary
metabolite BGCs in the type strain SL3-2-47 supported
novel natural bioactive compounds discovery by finding
BGCs displaying unknown and low similarity with known
BGCs. Further studies are needed using other test media,
solidifying agents, incubation times and temperatures, and
tested bacterial and fungal strains. It is carried out to
improve and induce the production of bioactive compounds
from these novel actinobacterial strains. Genome mining of
four closely related novel candidate strains is recommended
to confirm their identity, analyze their genome features,

assess their secondary metabolite BGCs compared with the
type strain, and predict their putative bioactive compounds.
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