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ABSTRACT

Rare actinomycetes, especially from the marine environment, have been increasingly
recognised as a prolific source of bioactive natural product compounds. In the search of
a new source of natural products, a rare marine-derived actinomycete, designated as
KBS50, was previously isolated from a beach sediment sample collected from the
Santubong area of Sarawak. The aim of the present study was to evaluate the metabolic
capabilities of this strain in producing antibiotics and secondary metabolite compounds,
by using the traditional antimicrobial screening method as well as using a genome mining
approach. Additionally, the One Strain Many Compound (OSMAC) fermentation
strategy was utilised to enhance the detection of antimicrobial activities and secondary
metabolites from KBS50. The first part of this thesis reports on the identification,
characterization and the preliminary evaluation of the antimicrobial activities of KBS50.
Based on the molecular identification using a near-complete 16S rRNA gene sequence
and phylogenetic analysis, the identity of KBS50 was established as a potentially new
species of the Plantactinospora genus. The most notable characteristics that clearly
differentiate KBS50 from its closest relatives were its tolerance to high salinity of up to
7% NaCl (w/v), its ability to grow at a higher pH (pH 12), as well as its inability to grow
at an incubation temperature of 40°C. KBS50 exhibited strong antagonistic activities
against selected test microorganisms i.e. the Gram-positive bacteria (Bacillus subtilis and
Staphylococcus aureus) and fungi (Aspergillus niger, Ganoderma boninense, and
Rhizoctonia solani). The second part of this thesis reports on the sequencing of a complete
genome of KBS50 for the detection and identification of secondary metabolite
biosynthetic gene clusters. The whole genome sequence was assembled as a single
circular chromosome comprises of 6,689,726 nucleotides. Genome annotation and
analysis using the RAST server identified a total of 5,820 coding sequences and 56 RNAs.
Further analysis using the antiSMASH revealed the presence of a highly diverse type of
secondary metabolite biosynthetic gene clusters that include polyketide synthases,
nonribosomal peptide synthetases, bacteriocins, lantipeptide/ thiopeptide, terpenes and
siderophore, among others. A total of 60 biosynthetic gene clusters were identified from
the genome of KBS50 using the antiSMASH analysis. The antibiotics and secondary
metabolites production by KBS50 was evaluated further in the final part of this study. To
enhance the detection of antibiotics and secondary metabolites, the strain was cultivated

using the OSMAC fermentation approach, in which its fermentation broths were
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incorporated with different types of biological and chemical elicitors. Antimicrobial
screening and high-performance liquid chromatography (HPLC) analysis of the crude
extracts recorded an increase in antimicrobial activities as well as increased production
of'secondary metabolite compounds. The OSMAC fermentation strategy also showed that
the production of secondary metabolites by KBS50 was significantly affected by the
various cultivation conditions and elicitor elements. This was demonstrated by the
increased production of secondary metabolites when the strain was cultivated with 1%
NaCl, or with the culture filtrate of A. niger. Through a bioassay-guided fractionation,
two semi-pure bioactive compounds were successfully isolated and tested to have a strong
antimicrobial activity against S. aureus. The strongest antimicrobial activity was recorded
from compound 3 with the lowest minimum inhibitory concentration at 7.81 pg/ml and
the minimum bactericidal concentration of 15.63 pg/ml. Through the classical
antimicrobial screening with the combination of OSMAC fermentation strategy, and the
identification of biosynthetic gene clusters from its complete genome sequence,
Plantactinospora sp. KBS50 was found to be a prolific producer of antibiotics and
secondary metabolite compounds that may possibly exhibit various biological activities
ranging from the antimicrobial, anticancer or iron transport function. Therefore, the data
presented in this thesis may facilitate the discovery of potentially novel bioactive

compounds from KBS50 for future drug development.
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CHAPTER 1

Introduction and Literature Review

1.1. Introduction

The emergence of antibiotic-resistant pathogens is becoming a major health concern
globally. This situation is aggravated further by the declining number of new drug
candidates to combat infectious diseases caused by these pathogens. According to Lewis
(2013), most of the antibiotics currently in use today are natural products that were
discovered during the sixties or their derivatives thereof. It was estimated that more than
one-third of the pathogenic bacteria are no longer susceptible to the existing antibiotics,
thus causing a high rate of death among the patients infected with the antibiotics-resistant
pathogens (Bérdy 2012). At the same time, the number of new antibiotics or other drug
candidates discovered in recent years remain very low (Boucher et al. 2009). This is
indeed a worrying situation that, if left unresolved, could have an undesirable
consequence on the supply of effective treatment for infectious diseases and may even
lead to a total widespread of the drug-resistance pathogens. Hence, there is an urgent need

to screen and discover new sources of natural products for drugs development.

Unfortunately, discovering new drug candidates is not easy especially with the high rate
of the rediscovery of known compounds. This is one of the main reason for the slow
discovery rate of new drug candidates from natural products (Bérdy 2005, 2012; Boucher
et al. 2009; Lam 2007). In addition, the high investment required for natural product
screening and the greater emphasis on combinatorial chemistry had driven many major
pharmaceutical companies to abandon natural product research during the nineties.
Notwithstanding that, the last decades have seen an improved interest in natural product
research and development (Harvey 2008). The current trend in the natural product
research, particularly the increased emphasis on rare actinomycetes from unique
environments such as the marine ecosystem (Lam 2006; Subramani & Aalbersberg 2012;

Zotchev 2012), and advances in genome mining strategy (Challis 2008; Zerikly & Challis
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2009; Ziemert et al. 2016; Zotchev et al. 2012) could potentially accelerate the drug

discovery process once again.

Screening of rare actinomycetes from the less-explored environment and from the
biodiversity-rich region such as Sarawak might be the key to the discoveries of novel
bioactive compounds. Sarawak is the home for diverse types of forest ecosystems that are
rich in biological resources for natural product screening (Yeo et al. 2014). At present,
the natural product discovery from the microbial sources in Malaysia is still scarce
although various studies have shown that the Malaysian ecosystem contains diverse
groups of actinomycetes with promising biological activities (Jeffrey 2008; Jeffrey &
Halizah 2014; Muramatsu 2008; Muramatsu et al. 2011; Numata & Nimura 2003; Tan et
al. 2002; Yeo et al. 2014). Considering that various groups of actinomycetes including
the rare genera can be found in Sarawak (Yeo et al. 2014), there is a huge prospect for the

discovery of novel natural product compounds from the local isolates.

Based on these premises, this research project was undertaken to assess the metabolic
capabilities of a rare actinomycete strain isolated from the marine-associated environment
in Sarawak. This project leveraged on the classical approach to natural product screening
coupled with the genome mining approach to evaluate the antibiotics production and the
biosynthetic potential of the unique actinomycete strain. The findings from this study
reflect on the importance of genome mining strategy to complement the classical
approach in natural product bioprospecting from microbial sources. Through this project,
the value of rare actinomycetes from the marine-associated environment in Sarawak
would be further recognised as a potential source of novel natural product compounds
and hence may contribute to the discovery of new antibiotics and other drug candidates

beneficial for human beings.
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1.2. Literature Review

1.2.1. Overview of natural product drugs discovery

Naturally-derived molecules known as natural products are produced by the living
organisms, including plants, animal and microorganism. The major source of natural
products from the microbial world are fungi, actinomycetes and myxobacteria, which
produces secondary metabolite compounds that are rich in structural diversity and
biological activities (Cragg & Newman 2013). Secondary metabolites produced by these
microorganisms have been the major source of bioactive compounds with extensive
medical and pharmaceutical application. These include the antibiotics, antiparasitic
agents, anticancer, and immunosuppressive agents, among others. Since the unintentional
discovery of penicillin in the 1920s by Alexander Fleming and its subsequent
development as the first antibiotics in the 1940s, microorganisms have been studied
extensively for their capability to produce bioactive natural product compounds and
continuously providing diverse chemical structures for the drug discovery screening

program (Demain 2014).

Drug discoveries were at its peak during the 1960s as the results of extensive screenings
of natural products. Unfortunately, the discovery rate of new natural product compounds
has declined sharply in the nineties (Bérdy 2012; Cragg & Newman 2013). The major
reasons for this trend were the high rate of the rediscovery of already-known compounds
and the decline of research activities in drug discovery from natural products by major
pharmaceutical companies (Bérdy 2005, 2012; Boucher et al. 2009; Lam 2007). In
addition, the increased use of high throughput screening (HTS) method necessitated the
prevalent use of combinatorial chemistry to provide a large number of compounds in the
shorter time frame for screening. The traditional approaches in drug discovery, which rely
extensively on bioprospecting large number of microbial strains, were considered
inefficient and costly (Bérdy 2012; Genilloud et al. 2011), and could not provide
sufficient input for the HTS. However, despite a large number of synthetic compounds
generated through the combinatorial chemistry for the HTS platform, it has failed to
deliver on its initial prospect of delivering many new bioactive compounds as potential

drug candidates (Lewis 2013).
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The increasing needs for novel bioactive compounds that could not be fulfilled through
combinatorial chemistry resulted in a renewed interest in natural product screening. One
of the main reason for this is owing to the realisation that compounds discovered from
natural products have clear advantages over combinatorial chemistry with regards to their
vast structural diversity, biological activity and their potential use as templates for
developing synthetic or semi-synthetic derivatives (Lam 2007). The advancement in
genetics and genomics further revealed that the biosynthetic potential of these
microorganisms is actually much greater than previously recognised (Challis 2008).
Considering that the vast majority of existing drugs were discovered from the screening
of soil-derived cultivable microorganism, which represents only a small proportion of the
total microorganism in the soil, there is still a huge prospect of finding novel natural

product compounds from the microorganisms (Demain 2014).

The recent advances in natural product screening may potentially propel the discovery
rate of new drug candidates to new heights. Technological advancements that are
especially beneficial to natural product screening include the genome mining and modern
analytical techniques. Genome mining is viewed as a revolutionary approach to drug
discovery and quickly becoming one of the valuable tools for studying the biosynthetic
potential of microorganisms (Peri¢c-Concha & Long 2003; Ziemert et al. 2016). Genome
mining was made possible with the rapid development of DNA sequencing technologies
coupled with sophisticated computational methodologies (Medema & Fischbach 2015).
Likewise, the analytical techniques have evolved from the basic form of thin layer
chromatography to the more sophisticated techniques including the high-performance
liquid chromatography (HPLC), gas chromatography, mass spectrometry and nuclear
magnetic resonance (NMR) spectroscopy (Ravali et al. 2011; Siddiqui et al. 2017). The
liquid chromatography technique when coupled with mass spectrometry (LC-MS) is a
highly sensitive, fast and accurate method for natural product analysis especially for
compound dereplication, identification and to some extend the chemical structure

elucidation (Bouslimani et al. 2014).

The most interesting development in analytical technique in recent years is perhaps the
molecular networking which was developed based on the application of tandem high-
resolution mass spectrometry (Frank et al. 2008; Watrous et al. 2012). Molecular

networking technique could provide a link between the biosynthetic gene clusters (BGCs)
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identified through genome mining to their respective secondary metabolite products
(Duncan et al. 2015; Klitgaard et al. 2015; Nguyen et al. 2013; Trautman & Crawford
2016). Molecular networking can also be a powerful tool for compound dereplication
strategy (Duncan et al. 2015; Yang et al. 2013). These technological and analytical
advances that complement classical screening method could potentially increase the rate

of discovery of novel bioactive compounds from natural products sources.

1.2.2. General features of actinomycetes

Actinomycetes are a group of Gram-positive bacteria with filamentous morphology and
high G+C content genomic DNA. The word actinomycete is a general term used to
describe the groups that belong to the order Actinomycetales (Adegboye & Babalola
2013), which consist of many suborder, families and genera with diverse morphological
characteristics. Although many of the suborder under the order Actinomycetales has been
elevated into orders (Zhi et al. 2009), the term is still widely used but no longer refer to
the order Actinomycetales specifically, but wider groups across many order under the
class Actinobacteria. The term is also often used interchangeably with actinobacteria.
Actinomycetes are ubiquitous in nature and can be found in various habitats including

terrestrial, freshwater, marine, and plants (Ul-Hassan & Wellington 2009).

Because of their unique morphological characteristics on an agar plate, most
actinomycetes can be easily recognised and differentiated from other types of bacteria.
Some of the unique characteristics include the filamentous hyphae with extensive
branching and the production of spores on the aerial or the substrate hyphae (Lechevalier
& Lechevalier 1967). The spore structures, their shape and the spore chain arrangements
are important morphological characteristics for identification and classification of
actinomycetes (Li et al. 2016). These basic morphological characteristics on agar media
are keys to their preliminary identification during isolation for strain dereplication. The
identification of actinomycetes, similarly with other bacteria, are based on the polyphasic
approach which is a combination of comprehensive tests involving the phenotypic and
genotypic methods (Vandamme et al. 1996). A simple molecular identification based on
the 16S rRNA gene sequence and phylogenetic analysis can be done to provide a rapid

identification of actinomycetes up to the genus level (Muramatsu 2008).
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Actinomycetes are a very good producer of enzymes with cellulolytic, proteolytic, and
amylolytic activities, among others (Prakash et al. 2013). They play important biological
functions including nitrogen fixation, biological control agents, and the degradation of
organic materials in nutrient cycling (Chaudhary et al. 2013). Actinomycetes are also one
of the microbial sources of pigments for natural colourants (Tuli et al. 2015). Although
most actinomycetes are not known to be pathogenic, some species including the member
of Nocardia, Actinomadura, Gordona, and Rhodococcus, among others, can cause serious
clinical diseases in human and animals, especially in the immunocompromised host
(Mcneil & Brown 1994). Because of their well-known capability to produce enzymes,
antibiotics and other high-value compounds with medicinal properties, actinomycetes are

an important source of natural products for the pharmaceutical and industrial applications.

1.2.3. Natural product drugs discovery from actinomycetes

Actinomycetes have been the subject of intensive research in drug discovery screening
program around the world due to their ability to produce bioactive secondary metabolite
compounds. Secondary metabolites are the products of secondary metabolism which are
generally not essential for the growth of the producing organism but may provide
advantages in adaptation and survival in the natural environment (Adegboye & Babalola
2013). Many secondary metabolites discovered from actinomycetes are medically and
economically important for humans especially the antibiotics which are being used to

combat illnesses resulted from microbial infection as well as for agricultural purposes.

According to Demain (2014), about 32% from more than 20,000 bioactive compounds
discovered from microorganism were produced by actinomycetes. Various genera of
actinomycetes including the Streptomyces, Micromonospora, Actinoplanes,
Saccharopolyspora and Amycolatopsis are well-known producers of bioactive secondary
metabolite compounds (Solanki et al. 2008). The vast majority of antibiotics discovered
from actinomycetes were produced by the Streptomyces genus (de Lima Procopio et al.

2012; Watve et al. 2001).
The discovery of streptomycin in 1944 from the Streptomyces griseus (Schatz et al. 1944)

marked the onset of actinomycetes as one of the primary source of antibiotics and other

bioactive compounds. Streptomycin was the first antibiotics used to treat tuberculosis.
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Since then, there were numerous other antibiotics discovered from actinomycetes
including chloramphenicol, nystatin, erythromycin, vancomycin and gentamycin, which
possesses broad spectrum or narrow spectrum antimicrobial activities against pathogenic

bacteria, yeast or fungi (de Lima Procépio et al. 2012; Solecka et al. 2012).

The secondary metabolites produced by the actinomycetes are diverse in chemical
structures that include the major classes of antibiotics such as B-lactams,
aminoglycosides, glycopeptides, macrolides, tetracyclines, polyenes and anthracyclines
(Adegboye & Babalola 2013; Solecka et al. 2012). These secondary metabolites exhibit
the various mechanism of actions such as the inhibition of cell wall synthesis, protein
biosynthesis, DNA replication, RNA synthesis, and interfering with other essential

cellular functions (de Lima Procdpio et al. 2012).

1.2.4. Classical approach to natural product screening and isolation

The traditional or classical approach to natural product bioprospecting from microbial
sources require the collection of environmental samples for strain isolation, followed by
the fermentation and extraction of secondary metabolite compounds. A collection of
microbial extracts is then screened in a bioassay to identify extracts with ‘hits’, upon
which the bioactive pure compounds will be isolated and purified through a series of
bioassay-guided fractionation for subsequent structural elucidation and characterization.
Throughout the years, this basic principle of drug discovery remains unchanged, although
various improvements have been made along the way to provide better screening

efficiency and sensitivity at a much higher throughput (Gray et al. 2012).

The success of the classical approach was evident judging from the large number of new
antibiotics that have been discovered from the microbial sources (Baltz 2006). However,
the high rate of the rediscovery of known compounds from actinomycetes had resulted in
the diminishing returns on natural product drugs discovery. The classical approach which
involves the screening of a large number of actinomycetes strains or other microbial
sources is costly and has a very small success rate in delivering new compounds

(Genilloud et al. 2011).

Page | 7



To minimize the rediscovery rate and to increase the chances of finding new compounds,
the classical approach was refocused to the screening of actinomycetes from unique and
under-explored or unexplored environmental habitats such as the marine environment
(Bredholt et al. 2008; Fiedler et al. 2005; Hong et al. 2009; Jensen et al. 2005; Lam 2006),
higher plants (Qin et al. 2009a; Strobel & Daisy 2003) and desert (Ding et al. 2013;
Harwani 2013; Takahashi et al. 1996), as well as screening the taxonomically diverse
group of actinomycetes with greater emphasis on the rare genera (Genilloud et al. 2011;

Lazzarini et al. 2000; Tiwari & Gupta 2012).

1.2.5. Rare actinomycetes

Rare actinomycetes generally have low isolation frequencies as compared to the common
actinomycetes (Tiwari & Gupta 2012). In general term, rare actinomycetes may refer to
all the non-Streptomyces species which are generally more difficult to cultivate during
the isolation process (Tiwari & Gupta 2012, 2013). Some of these rare actinomycetes
genera include Micromonospora, Actinoplanes, Amycolatopsis, Dactylosporangium,
Nonomuraea, and Thermomonospora, among others (Hayakawa 2008). However, not all
of the rare actinomycetes are difficult to cultivate, although some modifications to the
conventional isolation method are usually required to increase their isolation frequency.
For example, Actinoplanes and Micromonospora are the major groups of cultivable soil
actinomycetes after Streptomyces which have been isolated extensively for natural
product screening (Lazzarini et al. 2000). Similar to other common actinomycetes group,
rare actinomycetes can also be found in the various type of ecosystems including
terrestrial and aquatic environment (Tiwari & Gupta 2012). Many new genera and species
are continuously being discovered in recent years from the marine environments, forest

soils, peat swamps, and plant tissues, among others (Tiwari & Gupta 2013).

The conventional isolation method of which serially diluted samples are plated on
isolation agar media often yield the fast-growing filamentous Streptomyces and other
microorganisms. Therefore, the isolation process for the rare actinomycetes usually
involves physical or chemical pretreatment method to eliminate common actinomycetes
or enrichment method to improve the isolation frequencies of the non-streptomycetes
species (Hayakawa 2008). Some of these methods may include pretreatment of the soil

samples at a high temperature of 120°C, or pretreatment using 1.5% phenol or chloramine
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T, while the enrichment may involve rehydration and centrifugation, or baiting using
pollen grains (Hayakawa 2008). The pretreatment or enrichment methods are necessary
to suppress the growth of the unwanted microorganism and to allow the slow-growing
rare actinomycetes to proliferate on the isolation agar plates. Isolation also often requires
specialised agar formulated to enhance the growth and recovery of particular genera of
rare actinomycetes (Hayakawa 2008; Hayakawa & Nonomura 1987; Tiwari & Gupta
2012).

Rare actinomycetes have been increasingly isolated and screened for natural products,
resulted in the discoveries of novel compounds (Jose & Jebakumar 2013; Tiwari & Gupta
2014). Although most of the antibiotics discovered from actinomycetes were produced
by Streptomyces species, some antibiotics were only discovered from the non-
Streptomyces species (Baltz 2006). The fact that the isolation frequency of rare
actinomycetes is much lower than Streptomyces could be the main reason for the smaller

percentage of novel compounds discovered from the rare actinomycetes group.

To increase the success rate of new compounds discovery, Baltz (2006) recommended
that the screening program should exclude most common actinomycetes and
Streptomyces species. Understanding the key morphological features of actinomycetes
can as well increases the success rate in isolating the rare actinomycetes from the
environmental samples. Feature, such as spore morphology, can be used to differentiate
between Streptomyces species and the much rarer group such as the many members of
Micromonosporaceae. By lowering the frequency of common actinomycetes while
increasing the number of rare actinomycetes during isolation, there is a higher chance of
finding potentially novel species of rare and unknown actinomycetes (Hayakawa 2008).
Thus, the likelihood of discovering new natural product compounds from these rare
actinomycetes is more likely to increase, while at the same time, reducing the possibility

of rediscovering known compound frequently associated with common actinomycetes.

Overall, there has been a noticeable increase of bioactive compounds discovered from
rare actinomycetes. According to Berdy (2005), over 2,500 bioactive compounds were
discovered from rare actinomycetes by the year 2003 as compared to about only 50 known
compounds in the year 1970. Based on the survey carried out by Lazzarini et al. (2000),

about 16% of the total of over eight thousands antibiotics produced by microorganism
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was discovered from the rare actinomycetes. The prolific producer of bioactive
compounds among the rare actinomycetes genera includes Micromonospora,
Actinoplanes, Saccharopolyspora and Amycolatopsis (Solanki et al. 2008). They produce
some of the antibiotics currently available in the market including rifamycins,
erythromycin, vancomycin and gentamycin (Tiwari & Gupta 2012). With over 200 genera
(Tiwari & Gupta 2012), the rare actinomycetes group represent a significant source of

potentially novel bioactive secondary metabolite compounds for drug discovery.

1.2.6. Marine actinomycetes

Actinomycetes isolated from the marine environment was once thought to be originated
from the terrestrial environment from which the spores were washed off to the ocean
(Goodfellow & Haynes 1984, cited in Jensen et al. 2005). However, the discoveries of
novel actinomycetes from the marine samples (Magarvey et al. 2004; Maldonado et al.
2005; Mincer et al. 2002; Tian et al. 2009) provided the evident that specific group or
species of actinomycetes are naturally adapted to the marine ecosystems and they may

represent new taxa easily differentiated from their terrestrial counterparts.

The examples of actinomycetes genera exclusively isolated from marine environments
include Salinispora (Maldonado et al. 2005) and Marinispora (Kwon et al. 2006).
Common characteristics between these marine actinomycetes are their requirement of
seawater for growth (Subramani & Aalbersberg 2012). Some marine actinomycetes are
also belong to known genera, for example Streptomyces (Huang et al. 2016; Moran et al.
1995), Micromonospora (Phongsopitanun et al. 2015; Veyisoglu et al. 2016) and
Verrucosispora (Supong et al. 2013), of which their members are commonly found from

the terrestrial environments.

Marine ecosystem represents an underexploited source of rare actinomycetes species for
natural product drug discovery. Due to the extreme differences in conditions between the
marine and terrestrial environments, it is estimated that marine actinomycetes are capable
of producing unique secondary metabolite compounds with important biological
activities (Lam 2006). In fact, actinomycetes from the marine ecosystem have been
increasingly recognised in recent years as an alternative source of novel natural product

drug candidates. Many efforts have been made to explore the marine actinomycetes that
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resulted in the discovery of novel compounds with various biological activities including
antibacterial, antifungal, and anticancer (Solanki et al. 2008). These compounds include
salinosporamide A (Feling et al. 2003), abyssomycin C (Bister et al. 2004) and
caboxamycin (Nigh et al. 2004). According to Solanki (2008), many of these compounds
have unique chemical structures from which the synthesis of new compounds for drug

development may be based upon.

Marine actinomycetes have been recovered from various type of samples including
marine water, sediments, sponges and seaweeds (Genilloud et al. 1994; Mincer et al.
2002; Pham et al. 2014; Zhang et al. 2008). However, sample collection, strain isolation
and cultivation of marine actinomycetes from deep-sea sediment or organisms often
require specialised equipment and techniques (Subramani & Aalbersberg 2012; Zotchev
2012). Isolation and cultivation techniques remain the major obstacle in recovering many
of the marine actinomycetes as the number of cultivable species are far less than what has
been estimated using culture-independent or metagenomic approach (Zotchev 2012).
Other marine-associated environments such as the intertidal zones and mangrove forest
also present high diversity of actinomycetes as another source of bioactive secondary
metabolite compounds for drug discovery (Amrita et al. 2012; Azman et al. 2015; Xu et

al. 2014).

1.2.7. Screening for antimicrobial compounds

Antimicrobial compounds produced by the actinomycetes may inhibit the growth of other
microorganisms through the various mode of actions including the inhibition of DNA
replication or by blocking the synthesis of RNA, cell wall or protein (de Lima Procopio
et al. 2012). Not all antimicrobial compounds are equal in term of its bioactivity spectrum,
as certain antibiotics can only kill Gram-positive bacteria but not Gram-negative, while
other antibiotics may kill both (Coates et al. 2002). In general, the Gram-negative bacteria
are more resistance to antimicrobial compounds as compared to Gram-positive bacteria.
The differences are largely due to their cell wall components and functions which could
restrict the uptake of antimicrobial compounds inside the cells, thus limiting the
destructive effect of the compound (Coates et al. 2002). The antimicrobial activities of an
antimicrobial agent can be detected using the bioassay screening. In a drug discovery

pipeline, preliminary antimicrobial screening is an important initial step to identify the
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potential producer of antibiotics from a large collection of microbial isolates. The
secondary metabolites production with antimicrobial properties from the selected strains

can be evaluated further in the secondary screening.

There are a number of bioassay methods that can be employed for the preliminary
screening including perpendicular streak method (also known as cross streak method) and
agar overlay method. In perpendicular streak method, the actinomycete strain is streaked
on agar medium as a single line across the agar. After incubation for a few days, the strain
will produce antimicrobial compound(s) which will diffuse into the agar. Bacterial test
strains are then inoculated as a single streak perpendicular to the actinomycete culture.
Antagonistic activity can be observed directly after further incubation, whereby the
growth of test strains along the streaking line nearest to the actinomycete might be
inhibited (Velho-Pereira & Kamat 2011). In agar overlay method, the actinomycete strain
is spot inoculated onto agar medium. After several days of incubation, another layer of
soft agar containing a standardised suspension of the test strain is then added. Further
incubation will results in the inhibition area around the actinomycete colony if the

antimicrobial compound is present (Gebreyohannes et al. 2013).

In secondary screening, agar diffusion method using either agar-well diffusion or disk
diffusion can be employed to evaluate the presence of antimicrobial compounds in the
spent fermentation broth or the organic crude extracts of actinomycetes (Balouiri et al.
2016; Valgas et al. 2007). In both methods, a standardised suspension of test strain from
an overnight culture is inoculated onto agar medium. Paper disk impregnated with the
crude extract suspension is then placed onto the agar surface. For agar-well method, the
crude extract suspension or the spent fermentation broth will be introduced directly into
the agar well. The antimicrobial compound will diffuse into the surrounding agar and
inhibit the growth of test strain, producing the inhibition diameter around the agar well or
the paper disk. Agar disk diffusion method is also used as a standard method to evaluate
the susceptibility of bacterial pathogens towards antimicrobial drugs (Jenkins & Schuetz

2012).

Another important assay often performed to evaluate the susceptibility of a microbial test
strain towards an antimicrobial compound is the minimum inhibitory concentration or

MIC (Andrews 2001). For the determination of MIC, agar disk diffusion method or broth
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dilution method can be employed. The definition of MIC is the minimum or the lowest
concentration of an antimicrobial compound (pure antibiotic or crude extract) that can
impede the “visible growth” of the test microorganism after it was incubated overnight in
the presence of the antimicrobial compound (Andrews 2001). Subsequently, the
minimum bactericidal concentration (MBC) or minimum fungicidal concentration can be
performed to determine the nature of the growth inhibition caused by the antimicrobial
compound, as to whether it was bactericidal/fungicidal or bacteriostatic/fungistatic

(Balouiri et al. 2016).

1.2.8. DNA sequencing technology

The development of DNA sequencing technology started with the chain-termination
method or widely known as Sanger sequencing, which was developed by Frederick
Sanger in 1977 (Liu et al. 2012). Since then, DNA sequencing technology has improved
tremendously with the introduction of an automatic sequencing machine based on Sanger
sequencing, followed by the development of second-generation or next-generation
sequencing (NGS) technologies that enabled higher sequencing throughput at a reduced

cost (Buermans & den Dunnen 2014).

There are several NGS technologies currently available including Roche 454, SOLiD,
HiSeq, and PGM system which uses different sequencing mechanism, and thus has their
own advantages and disadvantages (Buermans & den Dunnen 2014; Liu et al. 2012;
Mardis 2008). In recent years, third generation sequencing technologies have emerged
that include the single-molecule real-time (SMRT) sequencing (Rhoads & Au 2015) and
nanopore sequencing (Feng et al. 2015; Jain et al. 2016). The similarities between these
two platforms that differentiate them from NGS are that the sequencing process does not
require any PCR amplification and the signal is detected in real time (Liu et al. 2012).
The NGS and third-generation sequencing technology have a wide range of applications
including metagenomics, transcriptomics, whole genome resequencing or de novo
sequencing and epigenomics (Buermans & den Dunnen 2014; Liu et al. 2012; Mardis

2008).
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1.2.9. Microbial genome sequencing

The first complete genome of a bacteria, Haemophilus influenza, was successfully
sequenced in 1995 using the shotgun sequencing strategy (Fleischmann et al. 1995). A
similar strategy was then used to sequence many other microorganisms (Fraser et al.
2000). Ten years later, there were about 300 sequenced microbial genomes available
publicly (Binnewies et al. 2006). During that period, microbial genomes were primarily
sequenced using the Sanger sequencing technology (Forde & O’Toole 2013). The NGS
platforms were only started to emerge from 2005 onward (Liu et al. 2012). Ever since,
the number of sequenced microbial genomes has increased dramatically for the past 12
years with about 100,000 genome sequences (bacteria and archaea) available in the public

database (NCBI 2017).

It is predicted that the number of microbial genomes sequences will continue to increase
and could reach millions within the next 10 years with the rapid advances in sequencing
technology and as more efforts being put into the genome sequencing (Medema &
Fischbach 2015). However, according to Land et al. (2015), most of the bacterial genomes
deposited into NCBI GenBank database are not complete assemblies. These sequences,
primarily generated using the NGS platforms, are available either as draft or contigs. For
microbial genome sequencing, SMRT sequencing (also known as PacBio sequencing)
have few advantages over other NGS technologies in that it generates longer sequencing
reads with the average of more than 10 kb. Longer reads are relatively easier to assemble
into a single contig to generate a complete genome sequence and therefore is better suited
for the de novo sequencing application where no reference genome is available (Rhoads
& Au 2015). SMRT sequencing is also particularly useful for sequencing of the genome
with high GC content (Koren et al. 2013; Rhoads & Au 2015; Shin et al. 2013).

Genome sequencing and assembly are based on the concept of shotgun sequencing
strategy, whereby smaller-sized DNA fragments representing different areas of the whole
genome are sequenced and then reconstructed into longer stretches of DNA pieces by
overlapping the reads using computer algorithm (Ekblom & Wolf 2014). During the
initial step, short reads are assembled into contigs which subsequently joined to produce
longer scaffolds. With most NGS platform, the short reads are more difficult to realign
due to the shorter overlapping regions between the reads (Ekblom & Wolf 2014).
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Depending on the coverage of the sequencing and the presence of repeats, the final
assembly may contain gaps which may need to be filled (Ekblom & Wolf2014; Koren &
Phillippy 2015).

Sequence assembly is a computer-intensive task as there could be millions of reads to be
assembled. This requires a considerable amount of computing resources, time and
bioinformatics knowledge. With the longer reads from SMRT sequencing and the
improvements in sequence assembly algorithm, the task of assembling a complete
microbial genome is getting easier, faster and can even be automated (Koren & Phillippy
2015). For a microbial genome that is relatively small, the assembly may produce a single
contig representative of the bacterial chromosome. Obtaining a long contig or a complete
genome sequence is vital for downstream analysis such as annotation (Ekblom & Wolf
2014). Once a complete microbial genome is obtained, the annotation can be performed
using the Rapid Annotations using Subsystems Technology (RAST) server (Aziz et al.
2008; Overbeek et al. 2005, 2014) to provide a meaningful information and interpretation

of the genetic information available in the genome sequence.
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1.2.10. Secondary metabolites biosynthesis in actinomycetes

In fungi and bacteria including the actinomycetes, secondary metabolite compounds such
as polyketides and nonribosomal peptides are synthesised through metabolic pathways
involving large, multi-domain enzymes (Anzai et al. 2003; Mootz & Marahiel 1997,
Schwecke et al. 1995; Shen 2003). The enzyme complexes for the biosynthesis of
polyketides and nonribosomal peptides are known as polyketide synthases (PKS) and
nonribosomal peptide synthetases (NRPS), respectively. These enzymes are encoded by
the secondary metabolite BGCs that contain a series of genes arranged adjacent to each
other in the chromosomal DNA. The BGCs encode necessary components for the
synthesis of secondary metabolites, including the core enzyme modules system and other
accessory proteins (Medema & Fischbach 2015). The biosynthesis of secondary
metabolites is a highly regulated process that involves transcriptional regulators and
transporters which are usually encoded by other genes adjacent to the BGCs (Adegboye
& Babalola 2013).

Remarkably, the PKS and NRPS, two most studied secondary metabolite biosynthetic
systems, produce a large number of structurally and functionally diverse natural product
compounds exhibiting various biological activities including antibiotics, antiparasitic,
antitumor, biosurfactant and immunosuppressive properties (Adegboye & Babalola 2013;
Mootz & Marahiel 1997; Staunton & Weissman 2001). The vast chemical diversity of
compounds produced by these biosynthetic pathways are the results of the multi-step
assembly line of the highly modular enzymes. Structural variations in the enzyme
complex are the result of the arrangement of different functional units or modules that
catalyse different chemical reaction during the elongation of polyketides or polypeptides

chain (Cane & Walsh 1999).

Over the past two decades, our basic understanding of the secondary metabolites
biosynthetic pathways has improved tremendously as the results of an extensive amount
of studies to decode the molecular mechanism and enzymology involves in the
biosynthesis processes. This knowledge has enabled in silico identification of the
biosynthetic genes, as well as the prediction of the structural features and
physicochemical properties of secondary metabolites compounds produced through the

enzymatic pathways encoded by the genes (Zerikly & Challis 2009).
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1.2.11. Genome mining for natural product discovery

Before the genomic era, identification of biosynthetic genes from actinomycetes relies on
PCR-based screening. This method allows initial evaluation of the biosynthetic potential
of actinomycetes, upon which the metabolically capable strains can be selected and
exploited for the discovery of novel secondary metabolite compounds. PCR primers were
designed to target conserved region of the core domain in the BGCs, such as the genes
that encode for keto-synthase and acyltransferase domain of the PKS type-I (Ayuso-
Sacido & Genilloud 2005; Ostash et al. 2005), the adenylation domain of the NRPS
(Ayuso-Sacido & Genilloud 2005), or the phosphoenolpyruvate mutase enzyme (pepM)
of the phosphonate biosynthetic pathways (Ju et al. 2015), among others.

While PCR-based screening could detect the presence of biosynthetic genes, the primers
used were designed based on the conserved regions of DNA, thus limiting the use from
detection of less conserved gene sequences or novel genes (Ayuso-Sacido & Genilloud
2005). This limitation can be overcome through a genome-wide screening of BGCs. One
notable example of the application of PCR-based screening on a large scale was
demonstrated by the work of Ju and colleagues (Ju et al. 2015). The research group
screened about 10,000 actinomycetes strains for the presence of phosphonate biosynthetic
genes and narrow down the potential producer of phosphonate to a few hundred strains.
Subsequently, the presence of pepM was confirmed from the analysis of the draft genomes
of these actinomycetes. Further dereplication of the biosynthetic pathways and screening
of the strains with potential novel BGCs led to the discovery of novel phosphonate natural

product compounds with antimicrobial activities (Ju et al. 2015).

Genome mining showed that actinomycetes have much larger capacity to produce
bioactive secondary metabolites than previously recognised. Streptomyces coelicolor was
among the first actinomycetes having its complete genome sequence analysed for BGCs.
It was learnt that the strain has over 20 BGCs responsible for the production of known
and unknown secondary metabolites which was more than the number of natural product
compounds that has been isolated from this species under the conventional screening
method (Bentley et al. 2002; Challis 2008). Genome mining of other actinomycetes also
revealed similar observation (Ikeda et al. 2003; Oliynyk et al. 2007; Omura et al. 2001;
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Udwary et al. 2007). The actinomycetes genome contains an average of around 20 gene

clusters per actinomycete strain (Farnet & Zazopoulos 2005; Van Lanen & Shen 2006).

Our ability to sequence a complete genome of actinomycetes and other microorganisms,
in general, has a big impact on microbial genomics and provided new insights into natural
product research (Bode & Miiller 2005; Van Lanen & Shen 2006). Coupled with
sophisticated bioinformatics tools and a large amount of ever increasing sequence data in
the public databases, genome mining strategy has revolutionised the natural product
discovery to further revealed the true metabolic potential of the microorganisms (Challis
2008; Ziemert et al. 2016; Zotchev et al. 2012). The wealth of genetic information
obtained from genome mining will further improve our understanding of the secondary
metabolites biosynthesis by the actinomycetes, enabling genetic manipulation and
expression of the biosynthetic genes and consequently increase our chances in finding
novel compounds from these prolific microorganisms for drug development. After all, the
capability of actinomycetes to produce secondary metabolite compounds could only be

limited by its genetic capacity (Bode et al. 2002).

1.2.12. Bioinformatics tools for genome mining

Recent years has seen a rapid development of comprehensive software and databases for
genome mining application. Bioinformatics tools such as antiSMASH (Medema et al.
2011), ClustScan (Starcevic et al. 2008), and CLUSEAN (Weber et al. 2009) are among
the tools that can be used to automatically identify and analyse various types of BGCs
from the DNA sequence of microorganism. Prior to the creation of these bioinformatics

tools, genome mining was done manually (Weber & Kim 2016).

The antiSMASH (antibiotics & Secondary Metabolite Analysis Shell) was claimed to be
a comprehensive platform for the detection and identification of secondary metabolites
BGCs (Blinet al. 2017), and is capable of identifying up to 44 different types of secondary
metabolites genes (Weber & Kim 2016). The antiSMASH tool is able to predict the
substrate specificity of PKS and NRPS modules in the BGCs, enabling core structure
prediction of the putative secondary metabolite product of the biosynthetic pathway
encoded by the genes. Since the inception of its first version, antiSMASH has evolved

with many improvements and integration with various algorithms to further enhance its
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functionality and application for genome mining (Blin et al. 2013, 2017; Weber et al.
2015).

1.2.13. Strategies for activation of silent biosynthetic gene clusters

With the increasing number of genome sequences available from actinomycetes and other
microorganisms, many more novel BGCs will continue to be discovered. The major
challenges in this endeavour would be the isolation of the compounds produced through
the biosynthetic pathway encoded by these BGCs, as only a small proportion of the
potential metabolite compounds are usually detected in their fermentation products using
the traditional screening approach (Bentley et al. 2002; Udwary et al. 2007). These
biosynthetic genes were called ‘cryptic’ or ‘silent’, as no known metabolites associated
with it have been isolated (Challis 2008). Poor or no gene expression may result in
insufficient quantity or the nonexistence of the metabolic product for analytical detection

(Laureti et al. 2011).

Following genome mining and identification of secondary metabolites BGCs, several
strategies can be employed to unleash the hidden metabolic potential of actinomycetes.
These include systematic variations of growth conditions, elicitation of stress response
using chemical and physical factors, manipulation of regulatory mechanism that control
the expression of the BGCs, ribosomal engineering and heterologous expression (Baltz
2016; Choiet al. 2015; Ochi & Hosaka 2013; Rutledge & Challis 2015; Zerikly & Challis
2009).

The utilisation of genome mining to uncover the BGCs and the various strategies to
activate the silent BGCs has led to the discoveries of novel natural product compounds as
well as facilitated the elucidation of their biosynthetic pathways. As an example, the
identification of modular PKS type 1 gene cluster from Streptomyces ambofaciens ATCC
23877 and the constitutive expression of a pathway-specific regulator within the gene
cluster led to the discovery of stambomycins (Laureti et al. 2011). In another example,
Hayashi et al. (2014) discovered silent gene cluster encoding for thiopeptide biosynthesis
from Streptomyces lactacystinaeus through genome mining. Heterologous expression of

the gene cluster in Streptomyces lividans TK23 resulted in the production of lactazoles.
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Ribosomal engineering was also successfully used to activate silent gene clusters for the
biosynthesis of fredericamycin A from a marine Streptomyces species (Zhang et al. 2015).
Through media optimisation experiment, the production of the anticancer compound by
the mutant strain was increased significantly. A comprehensive review of the application
of ribosomal engineering to activate silent BGCs can be found here (Ochi & Hosaka

2013).

1.2.14. One Strain Many Compound (OSMAC) approaches

Genome mining has shown that actinomycetes have the genetic capacity to produce more
compounds that what it can produce in standard cultivation condition (Ikeda et al. 2003;
Oliynyk et al. 2007; Omura et al. 2001; Udwary et al. 2007). However, during cultivation,
only small number of these secondary metabolites compound can be detected, as
demonstrated by the work done on Streptomyces coelicolor (Bentley et al. 2002; Challis
2008). This could be due to the amount of compound produced is very small that it
escapes detection, or the biosynthetic genes are not active when cultivated at the selected
culture condition or media composition (Reen et al. 2015). Therefore, the discovery of
many compounds from a single strain may be possible if the strain were subjected to

conducive cultivation conditions to trigger the biosynthesis of the secondary metabolites.

Under this pretext, the term “One Strain Many Compounds” or OSMAC was coined by
Bode et al. (2002) to describe an approach that takes advantage of the biosynthetic
capabilities of the secondary metabolites-producing strains including actinomycetes and
fungi. This strategy can complement the classical approach of natural product discovery
and does not require the application of the more technical and laborious genetic

engineering techniques.

The OSMAC approach has been used to unselectively enhance the production of
compounds from both fungi and actinomycetes strain through manipulation of various
cultivation parameters (Bills et al. 2008; Bode et al. 2002; Hewage et al. 2014; Hussain
et al. 2017; Martin 2004; Wang, QX et al. 2013). The aim is to provide nutritional and/or
physical variation between different cultivation conditions which could potentially

activate or increase the expression of biosynthetic genes in the strain’s genome.
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Parameters that could be manipulated include media composition, aeration rate, pH,

temperatures, and the addition of enzyme inhibitors (Bode et al. 2002).

The production of secondary metabolites can also be enhanced by the use of co-culture
or mixed-culture technique in which two microorganisms are grown together in the same
media (Abdelmohsen et al. 2015), or the pseudo-mixed culture in which spent medium
component from one bacterium is added to the culture medium of another bacterium, as
demonstrated in research work of Watanabe et al. (1982). The use of dead cells of another
microorganism such as Bacillus subtilis and Staphylococcus aureus or culture filtrate of
fungi had also been shown to increase the production of secondary metabolites (Luti &

Mavituna 2011; Luti & Yonis 2013; Wang, D et al. 2013).

Another approach that can be used is using chemical elicitor such as dimethyl sulfoxide
(Chen et al. 2000) or scandium, a rare earth element (Kawai et al. 2007; Ochi et al. 2014).
Subjecting the producer strain to physiological and chemical stress during cultivation may
elicit stress response and consequently induce secondary metabolite biosynthesis (Yoon

& Nodwell 2014).

Although OSMAC approach has been used successfully for the discovery of secondary
metabolites in actinomycetes and fungi (Bills et al. 2008; Hewage et al. 2014; Wang, QX
et al. 2013; Bode et al. 2002), there is still no guarantee that all the interesting biosynthetic
genes could be expressed under the selected culture conditions (Chiang et al. 2011). The
success of this method also might vary from genera or species (Spraker & Keller 2014;
Vandermolen et al. 2013). In general, OSMAC is a random approach and therefore it is
dependent upon the researcher to formulate a various set of fermentation conditions in
order to find new natural product compounds (Bode et al. 2002). The OSMAC approach
can be used following a genome mining of an actinomycete to awaken the silent
biosynthetic genes and to increase the diversity of secondary metabolite compounds in

the extracts for subsequent bioactivity screening and chemical analysis.
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1.3. Project background and description

This research project is part of an ongoing natural product bioprospecting program at the
Sarawak Biodiversity Centre (SBC). SBC as a research agency established by the
Sarawak State Government is actively doing research on natural product bioprospecting
from Sarawak’s rich biological resources (Yeo et al. 2014). For the past few years, our
group has focused on collecting diverse types of rare actinomycetes through a systematic
exploration of unique environmental habitats, combined with the selective isolation of
morphologically unique actinomycetes. The isolation process involves morphological
observation of colonies directly on isolation agar plates and selectively purify the colonies
of interest that putatively belongs to the rare actinomycetes group. This isolation strategy
has led to a collection of taxonomically diverse actinomycetes strains which could be

screened for the discovery of novel natural product compounds.

An effort was made to isolate actinomycetes from the marine-associated environment
through a collection of beach sediment samples from the Santubong area in Kuching,
Sarawak in the year 2012. A number of actinomycetes were isolated and preliminarily
identified based on short (500-600 bp) 16S rRNA gene sequences (unpublished data).
One of the actinomycete strain, designated as KBS50, was putatively identified as a
potential member of a rare actinomycetes genus Plantactinospora from the
Micromonosporaceae family. This strain was selected, among few others, for a genome
shotgun sequencing project using the next-generation sequencing technology on Illumina
Miseq platform. Preliminary bioinformatics analysis of these shotgun sequences has
provided a snapshot into its secondary metabolite biosynthetic potential (unpublished
data). Assembly of a complete genome sequence was not possible due to the low
sequencing coverage or read depth generated from the sequencing project. Therefore, the

complete biosynthetic capability of KBS50 could not be ascertained.

Having been identified with promising biosynthetic capability, as well as being a
potentially novel species of a rare actinomycete from a family of a well-known producer
of natural product compounds were the main motivations for selecting strain KBS50 from

the SBC’s microbial culture collection to critically investigate its biosynthetic potential.
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1.4. Research aim and objectives

This study aims to evaluate the antibiotics and secondary metabolites biosynthetic
capabilities of Plantactinospora sp. KBS50 as a potential source of novel bioactive
compounds. To achieve the aim of this research project, this work was divided into 3

main components with the following main objectives:

a) To identify, characterize and evaluate the antimicrobial activity of KBS50.

b) To assess the secondary metabolites biosynthetic capabilities of KBS50 through
genome sequencing and bioinformatics analysis.

¢) To enhance the antimicrobial activity and secondary metabolites detection from

KBS50 using the OSMAC fermentation approach.

1.5. Significance of the study

In general, the findings from this research project revealed that rare actinomycetes from
the marine-associated environment in Sarawak are a valuable source of bioactive natural
product compounds with potent antimicrobial properties. This potential was demonstrated
from the study of Plantactinospora sp. KBS50, which showed a great potential as a
producer of potent antimicrobial compounds and a plethora of other potentially bioactive
secondary metabolites compounds. The genome sequencing and analysis provides an
overview of the genetic and enzymatic mechanism underlying the biosynthetic pathway
for these secondary metabolites. The availability of this genetic information will further
facilitate the discovery of new compounds from KBS50 through the genetic engineering
and manipulation of the biosynthetic genes. In addition, the results from the OSMAC
fermentation provides the basis for optimisation of cultivation conditions to further
enhance the production of secondary metabolites by KBS50. This research work will,
therefore, pave the way for the isolation, identification and characterization of potentially
novel bioactive natural product compounds from Plantactinospora sp. KBS50 which can

be developed further as new drug candidates.
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1.6. Outline of the thesis

This thesis is comprised of 5 chapters as listed below:

Chapter 1: Introduction and literature review.

Chapter 2: Identification, characterization and the evaluation of antimicrobial activity
of Plantactinospora sp. KBS50.

Chapter 3: Genome sequencing and analysis for the identification of secondary
metabolite biosynthetic gene clusters from Plantactinospora sp. KBS50

Chapter 4: Enhancement of antimicrobial activity and secondary metabolites
detection from Plantactinospora sp. KBS50 wusing the OSMAC
fermentation approach.

Chapter 5: General summary and conclusions.

Chapter 1 provides a general introductory background and a comprehensive review of
relevant literature related to the natural product research and strategies for bioactive
compounds discoveries from actinomycetes. The aim, objectives and the significance of

this research project are also stated in this chapter.

Chapter 2 reports on the identification, characterization and the preliminary evaluation of
the antimicrobial activities of KBS50. The identity was established using the 16S rRNA
gene sequence analysis, while its morphological characteristics were evaluated and
compared with other related species. This chapter also reports on the production of
secondary metabolites, preliminary antimicrobial screening and HPLC analysis for

secondary metabolites profiling from KBS50.

Chapter 3 reports on the genome sequencing and analysis of secondary metabolites
biosynthetic capabilities of Plantactinospora sp. KBS50 using bioinformatics tools. The
complete genome was sequenced using the Pacific Bioscience’s SMRT sequencing
technology and assembled into a single circular chromosome. This study also reports on
the genome annotation results using the RAST server, the identification of secondary
metabolites BGCs in the genome sequence using the antiSMASH pipeline, as well as the

comparative analysis of biosynthetic genes between KBS50 and other related species.
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Chapter 4 describes the application of OSMAC fermentation approach to further enhance
the antibiotics and secondary metabolites detection from KBS50. The effect of various
types of elicitor elements and cultivation conditions that could affect the antimicrobial
activities and the secondary metabolites production from KBS50 are discussed in this
chapter. This study also highlights the isolation of two bioactive compounds with potent

antibacterial activity using the bioassay-guided fractionation.
Chapter 5 summarises the salient findings and conclusions made from this research

project. Future directions and recommendation for further study are also discussed in this

concluding chapter.
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CHAPTER 2

Identification, Characterization and the Evaluation of

Antimicrobial Activity of Plantactinospora sp. KBS50

2.1. Introduction

In the present study, an effort was made to explore the potential of an actinomycete strain
KBS50, as a new source of bioactive secondary metabolites which could be further
developed as a drug candidate. The strain was isolated from a beach sediment sample
collected from the Santubong area in Sarawak, Malaysia. Currently, there is a lack of data
on natural product discovery from local isolates, especially actinomycetes isolated from
the marine environment in Sarawak. At the same time, there is an increasing need to
explore new areas for the isolation of novel source of bioactive secondary metabolite
compounds, owing to the decline in the discovery of new compounds as well as a surge
in the incident involving antibiotic-resistant pathogens (Bérdy 2012). This research gap
forms the basis of the present study, in which a rare actinomycete from Sarawak was
selected for a comprehensive assessment of its capability to produce bioactive secondary

metabolite compounds, especially with antimicrobial activity.

Specifically, the study in this chapter highlighted the effort made to identify, characterize
and to evaluate the antimicrobial properties of actinomycete strain KBS50. The
identification and classification of the strain among its closest relatives were established
using a near-complete 16S rRNA gene sequence that provided a taxonomical and
ecological perspective of this actinomycete. Morphological and physiological
characteristics of the strain were studied to determine its unique features as compared to
its closest relatives. Lastly, its antimicrobial potential against representative test
microorganisms was evaluated. The results presented in this chapter provided an insight
into the capabilities of a rare actinomycete strain derived from the marine-associated

environment in Sarawak as a potential source of novel natural product compounds.
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In this chapter, the objectives of the study were as follows:

1) To identify the actinomycete strain KBS50 using 16S rRNA gene sequence.
i) To characterize its morphological and physiological features.

1ii) To evaluate the antimicrobial activity of actinomycete strain KBS50.

2.2. Materials and Methods

2.2.1. Strain cultivation and maintenance

The actinomycete strain KBS50 was maintained on International Streptomyces Project
(ISP) medium 2 agar (ISP2, per liter: Yeast extract, 4.0 g, malt extract, 10.0 g, glucose,
4.0 g, agar 15.0 g, pH 7.2 + 0.2), while the stock cultures are stored at -80°C freezer in

cryovials containing 1 ml of 20% nutrient glycerol.

2.2.2. Morphological and physiological characterization

Morphological characteristics including colony colour, mycelia and spore formation were
recorded on ISP2, ISP3, ISP4 and ISP5 agar media according to the method of Shirling
and Gottlieb (1966). Microscopic observation of the colony and mycelia was made by
light microscope (CX-31, Olympus) directly from agar plate using a 50X long-distance
objective lens. Pictures were captured using a Moticam 3 microscope camera through the

Motic Image Plus v2.0 software (Motic).

The ability of strain KBS50 to grow at different concentrations of sodium chloride (0, 1,
2,3,4,5,6,7,10,12, 15, & 20% w/v), different temperature range (4, 10, 20, 25, 28, 30,
37, & 40°C) and pH (4, 5, 6, 7, 8, 9, 10, 11, 12, & 13) was tested on ISP2 Agar. The
growth were observed and recorded after 7, 14, 21 and 28 days of incubation. Gram
staining was carried out using standard Gram stain method (Bartholomew & Finkelstein

1958).
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2.2.3. DNA extraction and purification

The genomic DNA (gDNA) was extracted and purified using the CTAB method adapted
from Moore et al. (2004). Strain KBS50 was cultivated in 20 ml ISP2 broth in a 125 ml
Erlenmeyer flask at 28°C for 3 days with constant shaking at 200 rpm. Cells were
collected from 10 ml of culture broth by centrifugation at 4000 rpm (18 cm radius of rotor,
Centrifuge 5810 R, Eppendorf) for 10 minutes. The harvested cells were washed twice
with sterile reverse osmosis (RO) water and resuspended in 2375 pl Tris-EDTA buffer.
The cells were subjected to enzymatic digestion with the addition of 100 pul of 50 mg/ml
lysozyme (final concentration of 2 mg/ml) and mixed thoroughly by inverting the tube
several times. Then, 25 pl of 10 mg/ml RNAse was added to digest RNA (final
concentration of 0.1 mg/ml). The tube was inverted several times to mix and then
incubated at 37°C for 60 minutes. Subsequently, 350 pl of 10% sodium dodecyl sulphate
was added to the mixture, followed by 150 ul of 20 mg/ml proteinase K. The mixture was
incubated at 55°C for 90 minutes. Then, 600 ul of 5 M NaCl was added and the mixture
was incubated at 65°C for 2 minutes. Following incubation, 400 pl of CTAB (pre-warmed

at 65°C) was added and the mixture was further incubated at 65°C for another 10 minutes.

The gDNA was extracted using an equal volume of chloroform/isoamyl alcohol (24:1
v/v). The tube was centrifuged at 10,000 g (10 cm radius of rotor, Mikro 22R, Hettich)
for 5 minutes and the top layer was transferred to a new tube and extracted using an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1 v/v). The tube was centrifuged at
14,000 g for 5 minutes. The top layer was transferred to a new tube for another extraction
using an equal volume of chloroform/isoamyl alcohol (24:1 v/v). The tube was
centrifuged at 10,000 g for 5 minutes and the top layer was collected to a new tube. An
equal volume of isopropanol was added, mixed gently and left at room temperature for 5
minutes to precipitate the gDNA. The tube was centrifuged at 14,000 g for 15 minutes to
pellet the gDNA. The supernatant was discarded and the gDNA pellet was washed twice
with 500 pl of 70% ethanol. The ethanol was discarded and the pellet was dried for 5
minutes in a laminar flow cabinet. Finally, the gDNA was resuspended in 200 pl Tris-Cl
(pH 8.0) and stored at -20°C. The concentration was estimated by spectrophotometric
measurement at A260 nm, while the quality was estimated by measurement of the
A260/A280 and A260/A230 ratios using NanoVue (GE Healthcare). The size and

integrity of the gDNA were estimated on 0.8% agarose gel electrophoresis.
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2.2.4. Strain identification and phylogenetic analysis using 16S rRNA sequence

The 16S rRNA sequence was amplified using the universal primers pair 27F (5'-
AGAGTTTGATCMTGGCTCAG-3") (Ludwig et al. 1993) and 1492R (5'-
TACGGYTACCTTGTTACGACTT-3") (Wilson et al. 1990) under the following
polymerase chain reaction (PCR) mixture: Pfu DNA Polymerase 10X buffer with MgSQOa4,
3 pul; ANTP mix 10 mM each , 0.6 ul; forward primer 10 uM, 0.6 ul; reverse primer 10
uM, 0.6 ul; Pfu DNA Polymerase 2 u/ul, 0.6 ul; DNA template 0.1 pg/ul, 2 pl; and 22.6
ul sterile water for a total reaction volume of 30 pul. Amplification was performed in a
thermal cycler using initial denaturation of 1 minute at 96°C, followed by 30 cycles of 45
seconds denaturation at 96°C, 1 minute primer annealing at 53°C, and 2 minutes extension
at 72°C. Final extension was set at 72°C for 7 minutes and the reaction was held at 4°C

indefinitely.

PCR product was purified using the Illustra GFX PCR DNA and Gel Band Purification
Kit (GE Healthcare Life Sciences) according to the manufacturer’s manual. Sequencing
was performed using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) on an automated DNA sequencer, ABI Prism 3130 XL Genetic Analyzer
(Applied Biosystems) using the same primer pair. The raw sequences data obtained
(reverse and forward sequence), was processed using Sequence Scanner software v2.0
(Applied Biosystems). The contig assembly and final consensus sequence from both
forward and reverse sequences were generated using BioEdit program version 7.2 (Hall
1999). The Basic Local Alignment Search Tool (BLAST®) (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) was used to analyse the 16S rRNA gene for sequence similarity in the

GenBank database.

The phylogenetic tree was constructed to assess the taxonomic placement of the strain
among its closest relatives. Phylogenetic tree was inferred using neighbour-joining
method (Saitou & Nei 1987) and evolutionary distances were computed using the
Maximum Composite Likelihood method (Tamura et al. 2004) with bootstrap analysis
(Felsenstein 1985) of 1000 replicates using MEGA version 6 software package (Tamura
et al. 2013). Sequence identity matrix was calculated using the BioEdit program version

7.2 (Hall 1999).
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2.2.5. Evaluation of extracellular enzyme activity

The ability of the actinomycete strain KBS50 to produce extracellular enzymes was
evaluated on agar media. The carboxymethyl cellulose (CMC) agar and Avicel agar was
used to evaluate the activity of endo-1,4-B-D-glucanase and exo-1,4-B-D-glucanase,
respectively, while skim milk agar (SMA) was used to evaluate the proteolytic activity of

protease enzyme.

The basal medium for CMC and Avicel agar was prepared according to Kasana et al.
(2008) (per liter: NaNOs, 2.0 g, KoHPO4, 1.0 g, MgSO4+7H>0, 0.5 g, KCl, 0.5 g, peptone,
0.2 g, Agar, 17.0 g, pH 7.2 + 0.2). One percent (10.0 g/L) of CMC or Avicel was added
to the basal medium and then autoclaved at 121°C for 15 minutes. The autoclaved liquid
agar was cooled to around 45°C and poured into Petri dishes at 20 ml per plate.
Meanwhile, the SMA was prepared using Nutrient Agar (NA) as the basal medium (per
litre: Peptone, 5.0 g, NaCl, 5.0 g, beef extract, 1.5 g, yeast extract, 1.5 g, agar, 15.0 g, pH
7.2 +0.2). The NA was prepared in a 900 ml RO water while the skim milk solution (20.0
g skim milk powder) was prepared in 100 ml RO water. Both solutions were autoclaved
separately at 121°C for 15 minutes and then cooled to around 45°C before they were

mixed and poured into Petri dishes at 20 ml per plate.

The actinomycete strain KBS50 was spot inoculated onto CMC, Avicel or SMA test agar
and incubated at 28°C for up to 14-d. Glucanase activity on CMC and Avicel agar plates
were detected according to the method of Sazci et al. (1986) and Brigitte and Aloisio
(2014) with slight modification. The plates were flooded with 10 ml Congo red solution
(1% Congo red in sterile RO water) and shaken at 50 rpm for 15 minutes. Subsequently,
the Congo red solution was discarded and the plates were washed with 10 ml of 1M NaCl
solution, shaken at 50 rpm for 15 minutes before it was discarded. Glucanase activity was
determined from the presence of clear zone around the actinomycete colony following
the staining and washing procedure. The production of protease on SMA medium was
determined from the formation of a clear zone around the actinomycete colony (Alnahdi

2012; Rydén et al. 1973).
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2.2.6. Preliminary screening for antagonistic activity on agar plates

Primary antimicrobial screening was carried out to determine the antagonistic activity of
strain KBS50 against representatives of Gram-negative bacteria (Escherichia coli NBRC
3301 & Pseudomonas aeruginosa NBRC 12689), Gram-positive bacteria
(Staphylococcus aureus NBRC 12732 & Bacillus subtilis NBRC 3134), yeast
(Saccharomyces cerevisiae ATCC 9763), and fungi (Aspergillus niger NBRC 4066,
Ganoderma boninense and Rhizoctonia solani). G. boninense and R. solani were locally
isolated plant pathogenic fungi strains maintained at the Swinburne University of

Technology Sarawak Campus.

The antimicrobial activity was evaluated using 4 types of agar medium, namely ISP2, MB
(per liter: Soluble starch, 5.0 g, glucose, 5.0 g, meat extract, 1.0 g, yeast extract, 1.0, NZ-
Case, 2.0 g, NaCl, 2.0 g, CaCl-2H-0, 2.0 g, agar, 15.0 g, pH 7.2 + 0.2), FM1 (per liter:
Corn starch, 20.0 g, glucose, 10.0 g, NZ-Amine A, 5.0 g, yeast extract, 5.0 g, CaCOs3, 1.0
g, agar, 15.0 g, pH 7.2 + 0.2), and FMS (per liter: Sago starch, 5.0, peptone NZ Soy, 4.0,
wheat flour, 5.0, glucose, 3.0, yeast extract, 3.0, MgSO4*7H>0O, 0.5, KH>PO4, 0.25,
K2HPO4, 0.25, agar, 15.0, pH 7.2 + 0.2).

The antagonistic activity of strain KBS50 against the test microorganisms was evaluated
using modified perpendicular streak method (Gebreyohannes et al. 2013; Velho-Pereira
& Kamat 2011). The perpendicular streak agar plates were prepared from cell suspension
of a 7-day old actinomycete culture grown on ISP2 agar which was scrapped and
suspended in 5 ml sterile RO water. Fifty pl of the homogenised cells suspension was
inoculated onto agar media and spread at the designated segment. The plates were then
incubated at 28°C for 7 days for the actinomycete to develop and produce bioactive

compounds that will diffuse into the agar medium.

Standardised inoculums of bacteria and yeast were prepared according to Andrews (2001)
from overnight cultures of the test strains in Luria Broth (LB) and Sabouraud Dextrose
Broth (SDB), for bacteria and yeast at 37°C and 30°C, respectively. A sterile cotton swab
was dipped into the suspension of the standardised test strain (1.0 x 105 CFU/ml) and the
excess liquid was removed by gently rotating the swab against the inner side of the tube

wall. Each test strain was streaked as a straight line perpendicular to the 7-day old
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actinomycete culture, leaving a gap of 5 mm between the test strain and the actinomycete
culture. Agar plates without actinomycete culture were streaked similarly as a growth
control. The test was carried out in three replicates. Test plates were incubated at 37°C
for 24 hours and 30°C for 48 hours for bacteria and yeast, respectively. The inhibition of
test strains along the streak line (measured in mm) was used as an indication of the
susceptibility of the test strains towards the bioactive metabolites produced by strain

KBS50 on the agar media.

For antagonistic properties against fungi, mycelial plugs of 7-day old fungi test strains
grown on Potato Dextrose Agar (PDA) at 28°C were made using 6 mm sterile straw and
inoculated onto the perpendicular streak agar plates at 25 mm distance from the 7-day old
actinomycete culture. Control plates without actinomycete culture were inoculated
similarly. Inhibition of fungi mycelia growth on the test plates was recorded after 7 days
of incubation at 28°C. The measurement was taken on radial growth of fungal mycelium
in the direction towards actinomycete culture. Percentage inhibition of radial growth

(PIRG) over control was calculated as follows:

PIRG = [C -T]/C x 100

Where;
C — Radial growth of fungi test strain on control plate (in mm).

T — Radial growth of fungi test strain on test plate (in mm).

2.2.7. Production of secondary metabolite in liquid culture

The production of secondary metabolites in liquid culture was induced using fermentation
broths ISP2, MB, FM1 and FMS8 prepared as described previously without the addition
of agar. A preculture was prepared by inoculating 50 ml ISP2 broth in a 125 ml
Erlenmeyer flask with a 7-day old actinomycete culture scrapped from ISP2 agar surface.
The preculture was grown in an incubator shaker at 28°C for 7 days with constant shaking
at 200 rpm. Each fermentation broth was inoculated with the preculture using 5%
inoculum size. The cultures were then fermented at 28°C with constant shaking at 200
rpm for 7 days. Secondary metabolites were extracted from the spent broth using an equal

volume of ethyl acetate, twice. The resulted organic extracts were dried in vacuo and
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stored at 4°C until further analysis. Meanwhile, the cell-free culture broths (CFB) were
collected by removing the cells by centrifugation at 4000 rpm for 10 minutes, and filter-
sterilized through 0.2 pum filter.

2.2.8. Secondary screening of CFBs and crude extracts

The CFBs and crude extracts were tested for antimicrobial activity against E. coli NBRC
3301, P. aeruginosa NBRC 12689, S. aureus NBRC 12732, B. subtilis NBRC 3134, S.
cerevisiae ATCC 9763, and A. niger NBRC 4066 using agar-well diffusion assay
(AwDA). Sterilised Muller-Hinton and Sabouraud Dextrose liquid agar cooled to
approximately 45°C were inoculated with the test strains for a final concentration of 10°
cells/ml and 10° cells/ml for bacteria and yeast/fungi, respectively. Ten ml of the
inoculated liquid agar was then poured into 90 mm diameter Petri dishes, and the wells
on the solidified agar were prepared using sterilised straw (6 mm diameter). The dried
crude extracts were reconstituted in 100% dimethyl sulfoxide (DMSO) to prepare crude
extract stock solution of 100 pg/ml concentration which was then further diluted to 2.5
mg/ml using sterile RO water. Forty ul of each the CFBs and crude extracts were loaded
into the agar wells for antimicrobial testing. The antibiotics chloramphenicol (100 ppm
for Gram-positive bacteria, and 400 ppm for Gram-negative bacteria) and nystatin (100
ppm for yeast/fungi) were used as positive controls, while the CFBs and crude extracts of
non-inoculated media, and 2.5% DMSO solution were used as the negative control. The
experiment was carried out in triplicate. The assay plates for bacteria were incubated at
37°C for 24 hours, while the assay plates for yeast/fungi were incubated at 30°C for 48
hours. The diameter of inhibition zone was measured (in mm) to determine the

antimicrobial activity.

2.2.9. Determination of the MIC of ISP2 crude extract

The MIC of the ISP2 crude extract against B. subtilis and S. aureus was determined using
broth microdilution method adapted from Andrews (2001). The wells in 96-well plate
were seeded with 75 pl of standardised test strain of 2.0 X 10° cells/ml. Crude extract
solution of 100 mg/ml prepared in 100% DMSO was diluted to 2 mg/ml using Mueller-
Hinton broth (MHB), with subsequent two-fold dilutions for 10 different concentrations.

From each dilution point, 75 pl was added into the inoculated wells. Chloramphenicol as
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a positive control was prepared similarly. Wells containing 150 pl test strain without the
addition of extract or antibiotic was prepared as the growth control. The experiment was
carried out in triplicate. Initial optical density (OD) was measured using 600 nm
wavelength. The plates were then incubated at 37°C for 24 hours before the final OD
reading was measured at 600 nm. The MIC was measured as the least concentration of

crude extract or antibiotic in which no visible growth was detected.

2.2.10. Secondary metabolites profiling of crude extracts using HPLC

Ten ml of dried crude extracts were dissolved in 1 ml of 100% HPLC-grade methanol,
filtered through 0.2 pm Regenerated Cellulose filter into HPLC vials and subjected to
HPLC analysis on a reverse-phase Analytical HPLC Agilent 1100 system equipped with
diode array detector (DAD) (G1315C DAD SL, Agilent). The DAD was set to measure
UV spectrum at 200, 210, 230, 254, 273, 330, 400 and 600 nm. Extracts of the non-
inoculated media were also analysed using HPLC for background data. Aliquots of 20 ul
of each sample were injected into the HPLC column (4.6 x 150 mm, 5 um, ZORBAX
Eclipse XDB-C18, Agilent) held at a temperature of 50°C, and eluted at a flow rate of 1.5
ml/minute for 15 minutes run-time per sample. Solvents and conditions used were as
follows: 0-10 minute, 10% Acetonitrile and 90% water; 10-15 minute, 100% Acetonitrile.
The HPLC data was used for qualitative analysis of secondary metabolite production in

the four type of fermentation broths.

2.2.11. Statistical analysis

The data collected were analysed using one-way analysis of variance (ANOVA) to

compare the level of significance of antimicrobial activities between the samples using

SPSS version 15 (SPSS Inc.).
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2.3. Results

2.3.1. Morphological and physiological characteristics of strain KBS50

Strain KBS50 is a Gram-positive actinomycete that forms extensively branched substrate
mycelia on which the spores of approximately 0.2-0.4 um in diameter appeared to be
borne singly (Figure 2.1). On all agar medium tested, the strain formed circular, slightly
convex colonies with no formation of aerial mycelia detected. Good growth was observed
on ISP2, ISP3 and ISP4, while poor growth was observed on ISP5 medium. The colour
of the colonies was orange-yellow on ISP2, ISP3 and ISP4 to slightly pale orange-yellow

on ISP5 medium (Figure 2.2). No soluble pigments were observed on any of the media

tested.

Figure 2.1: Substrate mycelia of strain KBS50 growing on ISP2 agar. Arrows indicate
the spores structure formed on the substrate mycelia. The picture was taken from a 14-
day old culture incubated at 28°C using light microscope under 50X objective lens. Scale
bar =10 ym.
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Figure 2.2: Colony morphology of 14-day old KBS50 culture on ISP media incubated at
28°C. A =1ISP2, B=ISP3, C = ISP4, D = ISP5.

Strain KBS50 grew well on ISP2 agar with up to 6% NaCl concentration. On ISP2 agar
with 7% NaCl, the colonies grew poorly but growth was still evident from the presence
of spores borne on the poorly developed substrate mycelia as observed under a light
microscope after 21 days of incubation. No growth was observed at 10% and a higher

concentration of NaCl tested even after 21 days of incubation.
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The incubation temperature in which the actinomycete strain KBS50 was able to grow
was in the range of 20-37°C, with very good growth was observed between 25-30°C.
Poor growth was observed at 20°C while it was unable to grow at 4°C, 10°C and 40°C.
Meanwhile, strain KBS50 showed good growth on ISP2 agar with pH range between pH
6 — 11. The minimum pH tolerated was pH 5 and the maximum was pH 12, on which
strain KBS50 grew poorly. No growth was observed on agar with pH 4 and pH 13. The
morphological and physiological characteristics of strain KBS50 are summarised in Table

2.1 with a comparison to other species of Plantactinospora.
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Table 2.1: Morphological and physiological characteristic of strain KBS50 with a comparison to other Plantactinospora species.

Characteristics KBS50 P. mayteni P. siamensis P. endophytica P. veratri P. sonchi
Isolation source Beach sediment Plant tissue (root) peat swamp forest soil  Plant tissue (leaves) Plant tissue (root) Plant tissue (leaves)
Substrate Well developed, Extensively branched Well developed, Well developed Well developed Well developed,
mycelium extensively extensively branched extensively
branched branched
Aerial mycelium None Sparse, white colour None None None None
Sporulation Single, from Single, from substrate  Single, from substrate Single, from Single, from Single, from
substrate mycelia mycelia mycelia substrate mycelia substrate mycelia substrate mycelia
Colony Circular, convex Raised, folded ND ND ND Raised, folded
morphology
Colony colour Orange-yellow Orange-yellow to Strong reddish-orange Orange-red to Vivid yellow (ISP2, Light orange-
(ISP2, ISP3 and black (ISP2), pale (ISP2) brown (ISP2, ISP3, ISP4 and ISP5), yellow (ISP2),
ISP4), Pale orange-  orange-yellow to black ISP4 and ISP5) brilliant greenish- brilliant yellow
yellow (ISP5) (ISP3), black (ISP4), yellow to vivid (ISP3), strong
yellowish (ISP5) orange-yellow (ISP3) reddish-orange
(ISP4)
Soluble None None Pale yellow (ISP2) None Dark orange-yellow None
pigmentation pigment on ISP7.
Tolerance to NaCl 0-7 0-3 0-2 (data from Zhu et 0-3 0-1 0-1
(% wiv) al. 2012)
Growth 20-37 4-45 (data from Xing  10-40 (data from Xing 10-45 15-45 15-40
temperature (°C) et al. 2015) et al. 2015)
pH tolerance 5-12 6-8 5-8 (data from Xing et 5-10 6-10 6-10

al. 2015)

Data are from Qin et al. (2009b), Thawai et al. (2010), Zhu et al. (2012), Xing et al. (2015), and Ma et al. (2015) for P. mayteni, P. siamensis,

P. endophytica, P. veratri, and P. sonchi, respectively, unless stated otherwise. ND = Data not available.
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2.3.2. Extraction and purification of Genomic DNA

High quality gDNA was extracted and purified from the vegetative cells of strain KBS50.
The gDNA was of high molecular weight and good integrity as visualised using the
agarose gel electrophoresis (Figure 2.3). The A260/A280 ratio of 1.969 and the
A230/A260 ratio of 0.78 indicate good quality that is virtually free from contaminating
protein, RNA or polysaccharides, based on the ideal ratios stated by Moore et al. (2004).
The concentration as estimated from the A260 reading was 0.576 pg/ul with a total yield
of 115 pg gDNA. For PCR application, the gDNA suspension was adjusted to

approximately 0.1 pg/ul final concentration.

Figure 2.3: Agarose gel electrophoresis of the gDNA sample isolated from strain KBS50.

DNA marker used was a Thermo Scientific MassRuler DNA Ladder Mix.
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2.3.3. Strain identification and phylogenetic analysis

Strain KBS50 was identified through the amplification of 16S rRNA sequence using
primer 27F and 1492R and sequenced using the same primer pair. The resulted 1326 bp-
long 16S rRNA sequence was analysed using Nucleotide BLAST® (blastn) tool against
“16S ribosomal RNA sequences (Bacteria and Archaea)” on the GenBank database and
showed to have highest sequence similarity with Plantactinospora species. Based on the
BLAST results, four species of Plantactinospora, namely P. mayteni, P. siamensis, P.
endophytica, and P. veratri produced the top four significant alignments of 98% identity
with KBS50’s 16S rRNA sequence. Other sequences among the top 100 significant
alignments results were comprised of other members of Micromonosporaceae such as
Verrucosispora, Polymorphospora, Micromonospora and Salinispora with sequence
identity between 96-97%. The “16S ribosomal RNA sequences (Bacteria and Archaea)”
database used for BLAST analysis was last updated as of 10 January 2017.

Based on the current publications in the International Journal of Systematic and
Evolutionary Microbiology, there were two additional species of Plantactinospora that
has been published, i.e. P. sonchi (Ma et al. 2016) and P. soyae (Guo et al. 2016).
However, their 16S rRNA sequences have not been added to the 16S ribosomal RNA
sequences database used for the BLAST analysis. Sequences of all the published
Plantactinospora species and other sequences producing significant alignments with
KBS50 from the BLAST® search were retrieved from GenBank database for the
construction of the phylogenetic tree. Actinomycete strain KBS50 formed a distinct
monophyletic clade together with other members of Plantactinospora genus. The node
showing the relatedness of strain KBS50 with members of Plantactinospora species was
supported by a bootstrap value of 72% in the neighbor-joining tree (Figure 2.4). The
clustering of strain KBS50 with Plantactinospora species was in agreement with their
high sequence identity of 97-98%, while other members of Micromonosporaceae with
96-97% sequence identity were clustering out from the clade. Sequence identity matrix
calculated using the BioEdit program version 7.2 (Hall 1999), indicate the highest identity
with P. mayteni (97.9%), followed by P. siamensis (97.7%), P. endophytica (97.5%), P.
veratri (97.5%), P. sonchi (97.2%), and P. soyae (96.9%). The 16S rRNA gene sequence
of strain KBS50 was deposited into GenBank nucleotide database under the accession

number KY348801.
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Figure 2.4: The neighbor-joining tree based on 16S rRNA gene sequence showing the

relationship between strain KBS50 and other species of Plantactinospora. Bootstrap

values (>50%) based on 1000 replications are indicated at the branch point.

Actinocatenispora thailandica TT2-10 sequence (accession no. AB107233) served as

the outgroup. Bar = 0.01 nucleotide substitutions per site.
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2.3.4. Extracellular enzyme activity

Actinomycete strain KBS50 was tested positive for proteolytic activity as demonstrated
from the formation of clearance zone on SMA agar (Figure 2.5). The diameter of the clear
zone was recorded at 23.67+0.88 mm on the 7-day and increased to 44.00+1.00 mm on
the 14-day, demonstrates strong production of the protease enzyme. On the other hand,

no glucanase activity was detected on CMC or Avicel agar even after 14 days of

incubation.

Figure 2.5: Extracellular enzyme activity of strain KBS50. The strain was positive for
proteolytic activity based on the formation of clear area around the actinomycete colony
on SMA agar (A). No glucanase activity was detected on CMC agar stained with 1%

Congo red (B). The pictures were taken on the 14-day of incubation at 28°C.

Page | 42



2.3.5. Antagonistic activities on agar plates

The antagonistic activity of actinomycete strain KBS50 was screened using perpendicular
streak method on 4 different types of agar media. Strain KBS50 showed a narrow
spectrum antagonistic activity against representatives of Gram-positive bacteria, B.
subtilis and S. aureus (Figure 2.6). The antagonistic activity was observed on all four type
of'agar media tested (Table 2.2). However, there was a significant difference in inhibition
on these four type of agar as determined by one-way ANOVA: S. aureus (F(3,8) =
206.400, p = 0.000), B. subtilis (F(3,8) =408.733, p = 0.000). The inhibition of both test
strains (S. aureus and B. subtilis) was significantly stronger on MB agar compared to

ISP2, FM1 and FMS8 (p < 0.05). No inhibition was detected against any of the Gram-

negative bacteria or yeast tested in the perpendicular streak assay.

Figure 2.6: Antagonistic activity of strain KBS50 against S. aureus and B. subtilis on the
perpendicular streak assay agar. Inhibition of test strain was observed along the streak
lines perpendicular to the actinomycete culture on MB agar plate (A). The control plate
without strain KBS50 showed no inhibition of the test strains (B). Similar antagonistic
activity was also observed on ISP2, FM1 and FM8 agar media (pictures not shown). Test
strains: P. aeruginosa (PA), E. coli (EC), S. aureus (SA) and B. subtilis (BS).
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Table 2.2: Inhibition of B. subtilis and S. aureus on the perpendicular streak agar assay.

Media Inhibition of bacteria test strain (mm) + SEM

B. subtilis S. aureus
ISP2 15.67 + 0.67 17.00 + 0.00
MB 23.67 + 0.88 21.33+£0.33
FM1 18.67 + 0.67 15.00 +0.58
FMS 2.00 +0.00 3.67 +0.33

Antagonistic activity against fungi test strain (4. niger, G. boninense and R. solani) was
also observed in the perpendicular streak assay (Table 2.3). Inhibition of fungi was
measured based on the percentage inhibition of radial growth of fungal mycelium in the
direction towards actinomycete culture. It was considered as no inhibition if the fungal
mycelium overgrowth the actinomycete culture. Inhibition of fungal mycelium by strain
KBS50 was also showed to be dependent on the type of agar media. There was a
significant difference in inhibition on the four type of agar as determined by one-way
ANOVA: A. niger (F(3,8) = 1663.631, p = 0.000), G. boninense (F(3,8) = 19.298, p =
0.001), R. solani (F(3,8) = 83.264, p = 0.000). For A. niger, significantly strong inhibition
was recorded on MB agar (72.59 + 0.74%) as compared to FM1 (46.67 + 1.28%, p =
0.000) and FMS8 (46.67 + 0.00%, p = 0.000), while there was no inhibition recorded on
ISP2 agar. For G. boninense, significantly strong inhibition was also recorded on MB
agar (53.33 + 1.92%) as compared to ISP2, FM1 and FMS8 (p < 0.05). Meanwhile,
inhibition of G. boninense on ISP2, FM1 and FM8 agar showed no significant difference
(p > 0.05). The inhibitory effect of KBS50 on the radial growth of fungal mycelium

toward the actinomycete culture on MB agar plates is illustrated in Figure 2.7.

Table 2.3: Inhibition of fungal mycelia on the perpendicular streak agar assay.

Media Percentage inhibition of radial growth + SEM

A. niger G. boninense R. solani
ISP2 - 37.75+0.25 -
MB 72.59 +0.74 53.33+1.92 42.22 +4.63
FM1 46.67 +1.28 38.87 +2.04 -
FMS 46.67 +0.00 36.92 +2.15 -
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Figure 2.7: Antagonistic activity of strain KBS50 against plant pathogenic fungi on the
perpendicular streak assay agar. The inhibition of radial growth of A. niger (A1), G.
boninense (B1) and R. solani (C1) as compared to their growth on the control plates (A2,
B2, and C2, respectively) on MB agar medium are shown. The picture was taken after 7

days of incubation at 28°C.
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2.3.6. Antimicrobial activity in secondary screening

The CFB of actinomycete strain KBS50 exhibited antimicrobial activity against the
Gram-positive bacteria (Table 2.4). There was a significant difference in the antimicrobial
activity among the CFB as determined by one-way ANOVA: B. subtilis (F(3,8) =
332.000, p =0.000), S. aureus (F(3,8) =507.167, p=0.000). The CFB of ISP2 was found
to have the strongest antimicrobial activity against B. subtilis (16.33 +0.33 mm, p <0.05).
Meanwhile, the CFB of ISP2 and FM8 showed no significant difference in inhibition of
S. aureus (p = 0.067). No antimicrobial activity was recorded from the CFB of MB

medium.

Table 2.4: Antimicrobial activity of CFBs in AwWDA.

CFB Inhibition diameter (mm) + SEM

B. subtilis S. aureus
ISP2 16.33 +£0.33 11.33 +£0.33
MB 10.00 +0.00 0.00 + 0.00
FM1 11.00 +0.00 10.00 £+ 0.00
FMS 10.00 +0.00 10.00 +0.33
Positive control (CP100) 17.67 + 0.33 16.00 + 0.58

The crude extracts of actinomycete strain KBS50 exhibited similar antimicrobial activity
as the CFB, which only inhibited the growth of Gram-positive bacteria (Table 2.5). There
was a significant difference in the antimicrobial activity among the crude extracts as
determined by one-way ANOVA: B. subtilis (F(3,8) = 41.867, p = 0.000), S. aureus
(F(3,8) = 984.000, p = 0.000). ISP2 crude extract was found to have the strongest
antimicrobial activity against B. subtilis (17.67 + 0.33 mm, p <0.05) and S. aureus (12.33
+0.33 mm, p <0.05).

Table 2.5: Antimicrobial activity of crude extracts in AwDA.

Crude extract Inhibition diameter (mm) + SEM

B. subtilis S. aureus
ISP2 17.67 +0.33 12.33 +0.33
MB 12.00 +0.00 9.00 + 0.00
FM1 15.67 + 0.67 8.00 + 0.00
FMS 14.00 + 0.00 0.00 + 0.00

Positive control (CP100)

17.67 + 0.33

16.00 + 0.58
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2.3.7. The MIC of ISP2 crude extract against S. aureus and B. subtilis

Based on the AwDA result, crude extract from ISP2 broth was identified to have the
highest antimicrobial activity against S. aureus and B. subtilis, and therefore its MIC
against both test strains was determined using the broth microdilution method. The MIC
of'the ISP2 crude extract was 5.21 + 1.30 pg/ml against B. subtilis and 15.63 + 0.00 pg/ml
against S. aureus. As a comparison, the MIC of chloramphenicol as determined from this

experiment was 3.91 + 0.00 pug/ml for B. subtilis and 5.21 + 1.30 pug/ml for S. aureus.

2.3.8. HPLC analysis for secondary metabolites profiling

To evaluate the production of secondary metabolite in the four type of fermentation
broths, the crude extracts were analysed using HPLC. Peaks that were present in the crude
extract, as well as the blank sample (similar retention time and UV profile), were
considered as medium components. Comparative analysis of the HPLC chromatograms
revealed different chemical profiles between ISP2, MB, FM1 and FMS8 crude extracts
(Figure 2.8). The highest number of unique peaks with relatively higher abundance was
detected in the ISP2 crude extract. The five compounds were listed in Table 2.6 and their

UV profiles were shown in Figure 2.9.

Table 2.6: List of peaks detected in ISP2 crude extract and their signal strength.

Peak  Retention Signal area  Peak height Presence in other =~ Maximum

time (minute)  [MAU%*s] [mAU] crude extract UV signal
(nm)
1 3.795 558.846 111.266 MB (<20 mAU) 200
FMI (68.213 mAU)
2 5.455 237.367 34.565 MB (<20 mAU) 200

FMI1 (20.907 mAU)
FMS (<20 mAU)

3 6.055 777.654 155.073 FMI1 (21.762 mAU) 273
FMS (<20 mAU)
4 7.687 6173.086 1214.9924 MB (<20 mAU) 273

FMI (<20 mAU)
FMS (<20 mAU)

5 7.817 4103.286 815.271 MB (<20 mAU) 273
FMI1 (<20 mAU)
FMS (<20 mAU)
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Figure 2.8: Comparative secondary metabolites production by KBS50 in four types of
fermentation broths using HPLC analysis. Arrows indicate unique peaks that were
present in the HPLC chromatogram of ISP2 (A), MB (B), FM1 (C) and FM8 (D) at UV
detection of 210 nm wavelength. The retention times of peaks with higher than 20 mAU

are shown.
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Figure 2.9: HPLC chromatogram of ethyl acetate crude extract from ISP2 fermentation broth at the UV detection of 210 nm wavelength.

The UV profiles of unique peaks detected at the retention time of 3.795 (A), 5.455 (B), 6.055 (C), 7.687 (D) and 7.817 (E) are shown. Peaks
D and E shared almost identical UV profile although the peaks were well separated at different retention time.
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2.4. Discussion

In this study, the identity of a rare actinomycete, strain KBS50, was established using 16S
rRNA gene sequence. The resulted near complete 16s rRNA gene sequence of 1326 bp
long was within the recommended length for species description (Stackebrandt et al.
2002). The use of 16S rRNA gene as a genetic marker for identification and to study the
evolutionary relationship among bacteria are a common practice in bacterial taxonomy
because the genes are universal, highly conserved and stable markers that are less affected
by horizontal gene transfer (Schleifer 2009; Vétrovsky & Baldrian 2013). A bacteria
isolate having less than 97% similarity in 16S rRNA gene sequence from its closest
phylogenetic relatives can be established as a new taxon or species (Janda & Abbott 2002;
Stackebrandt & Goebel 1994). Similarly, if the isolate share similar to or greater than
97% similarity in the 16S rRNA gene sequence, then the isolate may or may not be
classified as new species, and in this case, DNA-DNA hybridization should be performed
to resolve the issue (Stackebrandt & Goebel 1994). However, Stackebrandt and Ebers
(2006) has revised the recommendation and increased the cut-off point to 98.7-99%
sequence similarity for a mandatory DNA-DNA hybridization experiment to be carried
out to confirm a new species. Based on this cut-off point, actinomycete strain KBS50 was

considered as a new species of Plantactinospora.

The Plactactinospora genus was first coined by Qin et al. (2009b) to describe “a spore-
forming actinomycete isolated from plant tissues” with the first type strain, P. mayteni
YIM 61359T. Following that, five new type species were added to this genus i.e. P.
siamensis (Thawai et al. 2010), P. endophytica (Zhu et al. 2012), P. veratri (Xing et al.
2015), P. sonchi (Ma et al. 2016), and P. soyae (Guo et al. 2016). P. siamensis was
originally described as Actinaurispora siamensis (Thawai et al. 2010) before it was
amended by Zhu et al. (2012), and it was the only type species isolated from peat swamp
forest soil. Other type species were isolated from plant tissues such as roots and leaves.
Strain KBS50 was isolated from a marine-associated environment, an ecologically
different habitat, but phylogenetically closely related to these terrestrial actinomycetes.
One may argue that the actinomycete, isolated from beach sediment, could have been
originated from a terrestrial environment which ends up being wash-off to the coastal
area. Nonetheless, its ability to tolerate up to 7% NaCl concentration was higher than any

other species of Plantactinospora.
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Interestingly, the genus Plantactinospora is only distantly related to Salinispora, a genus
of true marine actinomycetes isolated from deep-sea sediment (Maldonado et al. 2005).
Strain KBS50 shared between 96.9-97.0% of 16S rRNA gene sequence similarity with
Salinispora species. Tolerance to the high concentration of NaCl might have enabled
strain KBS50 to survive the highly saline environment, a trait which may have been
acquired during its transition from terrestrial to the marine environment. Even for
Salinispora species, there was evidence suggesting that these marine actinomycetes were
evolved from a terrestrial environment (Penn & Jensen 2012). Nevertheless, strain
KBS50 does not require NaCl or seawater for growth, unlike its true marine relatives
(Maldonado et al. 2005). With the addition of a marine-derived strain KBS50 as a new
member of Plantactinospora, this genus is not restricted to the endophytic or terrestrial
actinomycetes. It is expected that more new species of this genus will be discovered from
diverse ecological habitats including the marine environment, considering that this genus

is only distantly related with the marine actinomycetes, Salinispora.

Apart from its high tolerance to NaCl, other physiological characteristics of strain KBS50
that clearly distinguish it from other Plantactinospora species include its ability to
tolerate higher pH, and its inability to grow at an incubation temperature of 40°C and
above. These physiological differences may have resulted from the strain adaptation to
its new environment (Retchless & Lawrence 2012). Meanwhile, the basic morphological
characteristics of strain KBS50 on agar media were somewhat similar to other
Plantactinospora species and also shared with many members of Micromonosporaceae.
In this study, features such as tolerance to a various range of pH, temperature and salinity
were determined as part of the strain characterization, but are also useful to understand
the suitable growth parameters for its cultivation. All these factors can be taken into
consideration when designing an optimum growth condition for this strain, or they can be
manipulated to create a unique or stressful environment for the actinomycetes to grow in
order to study their secondary metabolites production under diverse cultivation

conditions.

On the basis of 16S rRNA gene sequence analysis and the differences in physiological
characteristics, it was proposed that strain KBS50 represents new species in the
Plantactinospora genus. To ascertain its taxonomic position within the genus, detailed

study of the phenotypic and chemotaxonomic properties need to be carried out as required
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for the full description of new bacterial species (Stackebrandt et al. 2002). However, a
full taxonomical aspect of strain KBS50 was not within the scope of this project. For the
rest of this thesis, actinomycete strain KBS50 is designated as Plantactinospora sp.
KBS50 with the GenBank accession number, KY348801, for the 16S rRNA gene

sequence deposited into the database.

The Plantactinospora genus is a relatively new group of rare actinomycetes from the
Micromonosporaceae family, and to the best of our knowledge, their biological activity
especially antimicrobial potential was not well studied. Most of the species in this genus
were 1solated from plant tissues such as roots and leaves, indicating their endophytic
nature and ecological association with plants. The fact that many endophytic
actinomycetes are often associated with having antimicrobial and antifungal activity
(Golinska et al. 2015; Strobel & Daisy 2003; Taechowisan et al. 2003) is an indication of
potential aspect that has yet to be explored on these endophytic Plantactinospora species.
Meanwhile, the origin of strain KBS50 as a marine-associated actinomycete is also an
interesting factor for the screening of its antimicrobial activities. The marine environment
is considered underexplored habitat for natural product screening, but over the years,
there are several notable discoveries made from marine actinomycetes especially from
the Salinispora species (Matsuda et al. 2009; Udwary et al. 2007). Strain KBS50’s close
association with these marine actinomycetes indicates its potential as a producer of

bioactive secondary metabolites that requires further exploration.

To determine the antimicrobial potential of strain KBS50, preliminary and secondary
screening was carried out against the selected test microorganism. It has been reported
that media composition can affect the production of secondary metabolite compounds
from actinomycetes (Bode et al. 2002). Therefore, four different types of media were
employed in the antimicrobial screening to determine its antagonistic activity on agar
plates as well as for the production of secondary metabolites in broths. The purpose was
to increase the chances of discovering antimicrobial activity which might be left
undetected if only a single type of medium were to be used. The antimicrobial screening
showed that the activity was indeed affected by the cultivation media, although the
differences were only in the inhibition level against the same test strains. HPLC analysis
of the crude extracts provided evident on the diversity and relative abundance of

secondary metabolites that were produced in the fermentation broths. Based on the HPLC
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analysis and secondary screening results, ISP2 broth appeared to be the best medium
among the four type of media tested for the production of bioactive secondary metabolite

compound by the actinomycete strain KBS50.

The preliminary screening showed that Plantactinospora sp. KBS50 exhibited
antagonistic activity against the Gram-positive bacteria and the fungi test strains.
However, secondary screening of the CFB and crude extracts showed antimicrobial
activity against the Gram-positive bacteria only. It was possible that the antagonistic
activity against these fungi strains was contributed by the proteolytic activity of protease
enzyme on the agar media. Screening of CFB from liquid culture did not result in the
inhibition of 4. niger, suggesting that the antifungal compound or the protease enzyme
was preferentially produced on solid agar media instead of liquid culture. Other potential
reason could be the presence of a very low amount of the antifungal compound that was
below its effective inhibitory concentration. It is also possible that the antagonistic
activity resulted from the direct interaction between the actinomycete and fungal strain
on agar media. If this was the case, strain KBS50 might have the potential application as
a biocontrol agent for plant pathogenic fungus, such as G. boninense owing to its strong
antagonistic activity. G. boninense is the causative agent for stem rot disease in oil palm
that is adversely affecting oil palm plantation industry in the South East Asian countries
(Rees et al. 2009). It is certainly of interest to screen other endophytic species of
Plantactinospora as well for their biocontrol potential against G. boninense and other

plant pathogenic fungi.

The qualitative HPLC analysis of the ethyl acetate extractable secondary metabolites from
the four types of fermentation media strongly indicates the influence of media
composition towards the production of secondary metabolites. It is well known that rich-
nutrient conditions may suppress secondary metabolites production, while nutrient-poor
conditions trigger secondary metabolites production in actinomycetes (Sanchez &
Demain 2002). Among the four fermentation media used in the initial screening, higher
production of secondary metabolites was detected from the ISP2 medium, although being
relatively the simplest medium with regard to the nutrient compositions, as compared to
the MB, FM1 and FM&. It appears that the more complex carbon or nitrogen sources,
such as the soluble starch, sago starch, wheat flour, meat extract, and peptone that are

present in these media negatively affecting secondary metabolites synthesis by KBS50.
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Based on the HPLC analysis and secondary screening results, ISP2 broth appeared to be
the best medium among the four types of media tested for the production of bioactive

secondary metabolite compound by the actinomycete strain KBS50.
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2.5. Summary

The study in this chapter reports on the identification, characterization, and the
preliminary investigation of the antimicrobial potential of a rare actinomycete, strain
KBS50. The strain was isolated from a beach sediment sample collected from the
Santubong area in Sarawak, Malaysia and was considered as a marine-associated
actinomycete. It was identified as a novel species of Plantactinospora, a relatively new
genus of actinomycetes within the Micromonosporaceae family. Major physiological
differences between strain KBS50 and other species of Plantactinospora includes its
ability to tolerate up to 7% (w/v) NaCl and grow on agar medium with pH 12, while it
was unable to grow at an incubation temperature of 40°C and above. Higher tolerance to
NaCl was expected as its isolation source was collected from a saline environment. Based
on the molecular identification and its unique physiological features, strain KBS50 was
proposed as a new species, in which it was designated as Plantactinospora sp. KBS50.
This study, however, did not encompass full taxonomic aspects of strain KBS50, and
therefore, a detailed study of its phenotypes and chemotaxonomic properties will still be
required to ascertain its taxonomic position within the genus according to the current
standards in bacterial systematics. Antimicrobial screening carried out in this chapter
provided an overview of the antibacterial and antifungal potential of strain KBS50. Strong
antagonistic activity against S. aureus, B. subtilis, A. niger, G. boninense and R. solani
was recorded, although the secondary screening of CFB and crude extracts only detected
antimicrobial activity against the Gram-positive bacteria. These screenings indicate the
potential influence of nutrient composition as well as other cultivation parameters on the
biological activity of strain KBS50. Based on the antimicrobial results highlighted in this
chapter, Plantactinospora sp. KBS50 was found to be an interesting producer of bioactive
secondary metabolite compounds, especially against the Gram-positive bacteria. Further
investigation of its secondary metabolite’s biosynthetic capabilities from a genomic
perspective is presented in Chapter 3, a study that takes advantages of the current
technological advancement in microbial genome sequencing and the latest bioinformatics

tools for genome mining.
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CHAPTER 3

Genome Sequencing and Analysis of Secondary Metabolite

Biosynthetic Capabilities of Plantactinospora sp. KBS50

3.1. Introduction

In the present study, the actinomycete strain Plantactinospora sp. KBS50 has been
identified as a potential producer of bioactive secondary metabolite compounds,
exhibiting the antimicrobial activities against fungi and bacteria test strains as reported in
Chapter 2. Being a rare actinomycete from the marine-associated environment and its
unique phylogenetic placement, the strain’s genome could hold a significant genetic
capability to synthesise novel secondary metabolite compounds. For the study in this
chapter, genome mining strategy was employed to unveil this potential and to identify the
genes that might be involved in its secondary metabolism. This study provided the first
genome sequence data of an actinomycete from the Plantactinospora genus and, to the
best of our knowledge, is the first reported study that explores the genetic capability of a
rare actinomycete isolated from the marine-associated environment in Sarawak for

natural product screening.

For this study, a complete genome sequence of strain KBS50 was generated using the
Pacific Bioscience’s SMRT sequencing technology for the de novo genome assembly.
The genome sequence was annotated using automated annotation pipeline and
subsequently analysed using bioinformatics tool for the identification of secondary

metabolites BGCs.

In this chapter, the objectives of the study were as follows:

1) To sequence and characterize the complete genome of Plantactinospora sp.
KBS50.
i) To identify the secondary metabolites BGCs in the genome sequence of

Plantactinospora sp. KBS50.
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3.2. Materials and Methods

3.2.1. Strain cultivation and genomic DNA isolation

The cultivation of strain KBS50 and the total gDNA isolation for whole genome
sequencing was as described in Chapter 2 (Section 2.2.3). Hundred pl of the gDNA was
mixed with 25 pl DNAstable® Plus (Biomatrica, USA) and shipped at room temperature

for genome sequencing.

3.2.2. Genome sequencing

Genome sequencing was performed on a Pacific Biosciences (PacBio) RS II instrument
at the University Malaysia Sabah, as an outsourced service. Briefly, the gDNA preserved
in DN Astable® Plus was purified using AMPure® PB (Pacific Biosciences, USA), then
analysed for quality control using NanoDrop (Thermo Scientific, USA) and Qubit™
(ThermoFisher Scientific, USA), while the integrity and fragments size was evaluated on
a field-inversion gel. SMRTbell™ library was constructed with approximately 5 ug of
gDNA using a 20 kb template preparation method, followed by 15 kb size selection using
the BluePippin™ Size Selection (Sage Science). No DNA shearing was performed during
the library preparation. The SMRTbell™ template library was loaded into a single SMRT
Cell and sequenced using P6-C4 chemistry with 4 hours movie time. Raw sequence data

generated from the sequencing facility was analysed in-house.

3.2.3. De novo genome sequence assembly

The de novo assembly of PacBio sequence reads was carried out using the hierarchical
genome assembly process (HGAP) pipeline under the ‘RS HGAP_Assembly.3’ protocol
from the SMRT® Analysis Software v2.3.0 (Pacific Biosciences), including consensus
polishing with quiver (Chin et al. 2013). The predicted genome size and the minimum
seed read length in the protocol parameter were set to 6.7 Mbp and 20kbp, respectively.
The de novo assembly resulted in 2 polished contigs of 6.7 Mbp and 1439 bp long. The
shorter contig (1439 bp) was identified as the ‘Internal Control Complex Sequence’ that

was part of PacBio sequencing control, therefore omitted from further analysis. The
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longest contig was assigned as a reference sequence for remapping of the reads using the

‘RS_Resequencing.1’ protocol.

The circular topology of the genome sequence was determined via a dot plot analysis
using Gepard v1.40 (Krumsiek et al. 2007) and double-checked for the self-similar end
for manual genome closure. Dot plot analysis and manual examination of the sequence
confirmed the presence of overlapping ends with self-identity of 98%. The repeat
sequence at 3’-end was trimmed off, followed by a couple of remapping using
‘RS _Resequencing.1’ protocol to drive down the number of corrections remaining by

resubmitting the resulted consensus sequence as a reference sequence.

The putative origin of replication (OriC) region was predicted using Ori-Finder web
server (Gao & Zhang 2008) with a default parameter. The predicted OriC sequence was
confirmed using BLAST search on Dori-C database (Gao & Zhang 2007). A sequence
containing 2 kbp downstream and 2 kbp upstream of the putative OriC region was then
analysed with BLAST® tool on NCBI GenBank protein database using a translated
nucleotide query (blastx) against ‘Bacteria and Archaea” genetic code for identification
of chromosomal replication initiator protein, Bac_ DnaA gene sequence. The open reading
frame of this gene was  double-checked using  ORFfinder tool

(http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi). Blast and ORFfinder result indicates that

the gene was located on the reverse strand of the genome sequence. The entire sequence
was reverse complemented using BioEdit (Hall 1999), then the sequence upstream of the
Bac DnaA gene was moved to the downstream position. The permuted sequence started
with Bac DnaA gene in a forward orientation was finally polished using

‘RS Resequencing.1’ protocol twice.

3.2.4. Genome annotation

Genome annotation was performed with the RAST annotation server available at

http://rast.nmpdr.org/rast.cgi which was specifically developed for annotation of

prokaryotic genomes (Aziz et al. 2008; Overbeek et al. 2014). RAST provided high-

quality annotations that identify and assign biological function and information to the

genome sequence (Ekblom & Wolf 2014; Koonin & Galperin 2003). The genome
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sequence including its general features was visualised as a graphical map using

DNAPIotter (Carver et al. 2009).
3.2.5. Identification of secondary metabolite biosynthetic gene clusters
Identification of secondary metabolite BGCs was carried out using the “antibiotics &

Secondary Metabolite Analysis Shell” (antiSMASH) version 3.0 available as a web server

(http://antismash.secondarymetabolites.org/). The RAST-annotated genome sequence

(GenBank file format) was uploaded onto the antiSMASH web server with the following
input parameters enabled: Gene Cluster Blast analysis, Known Gene Cluster Blast
analysis, Subcluster Blast analysis, smCOG analysis and Active site finder. A series of
automated analysis pipeline was performed on the genome sequence including gene
cluster identification using HMMer3 tool, NRPS/PKS domain analysis and annotation,
core chemical structures prediction, gene cluster comparative analysis using ClusterBlast
and secondary metabolism protein family analysis (Blin et al. 2013; Medema et al. 2011;

Weber et al. 2015).

Comparative analysis of secondary metabolite BGCs between Plantactinospora sp.
KBS50 and other related species were carried out. These genome sequences included
Salinispora arenicola CNS-205 (NC 009953), Salinispora tropica CNB-440
(NC _009380), and Micromonospora narathiwatensis BTG4-1 (LT594324). The genome
sequence of Streptomyces coelicolor A3(2) (NC_003888) was included in the comparison
as the strain is a well-known producer of many secondary metabolite compounds (Bentley
et al. 2002). At the time of analysis, no genome sequence of other Plantactinospora
species was available in public databases for the comparative analysis. The complete
genome sequences were downloaded from NCBI GenBank database, annotated using
RAST and analysed using the antiSMASH, under the same parameters as with the
Plantactinospora sp. KBSS50.
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3.3. Results

3.3.1. Isolation of genomic DNA

Using the CTAB method, high-quality gDNA was extracted and purified from the
vegetative cells of strain KBS50, with the A260/A280 ratio of 1.969, A230/A260 ratio of
0.78, and showed minimal degradation on agarose gel electrophoresis (Chapter 2, Section
2.3.2). For genome sequencing application, 25 pl of DNAstable® Plus was mixed with
100 ul gDNA containing approximately 46 ug gDNA, to preserve and stabilise the gDNA

for shipment at room temperature.

3.3.2. Genome sequencing and assembly

The gDNA was put through a stringent quality control to ensure the input-DNA quality
required for PacBio SMRT sequencing was met. Size-selection of the SMRTbell library
using BluePippin system effectively removed shorter fragments from the SMRTbell
template library, favouring fragments of 15 kbp and longer, which had resulted in an
overall long sequencing subreads. The single SMRT Cell produced 594,209,170
nucleotide bases generated through 61,115 reads, with the mean subread length of 9,722
bp and N50 value of 15,807. These subreads were de novo assembled using HGAP
protocol with consensus polishing using Quiver and multiple resequencing using the
consensus sequence as a reference sequence. The graphical summary for the de novo

assembly report is shown in Figure 3.1.

The genome of Plantactinospora sp. KBS50 was determined as a circular chromosome
based on the presence of overlapping regions at both ends of the assembled contig (Figure
3.2). Using Ori-Finder (Gao & Zhang 2008), the putative OriC regions in the genome
sequence which contained three DnaA boxes was predicted (Figure 3.3). BLAST search
on Dori-C database indicates that the sequence shared between 90-93% identities with
OriC regions of other actinomycetes from the Micromonosporaceae family, including
Actinoplanes, Micromonospora and Salinispora. The Z-curves showing GC, AT, RY and
MK disparity curves, the location of the DnaA genes and DnaA box clusters is shown in
Figure 3.4. Using the putative location of the OriC region, DnaA gene sequence was

identified using BLAST analysis. The identified gene showed high sequence similarity of
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99% with the chromosomal replication initiator protein DnaA gene from other closely
related actinomycetes including the members of Micromonospora, Salinispora and
Verrucosispora. The open reading frame of this gene was double-checked using

ORFfinder tool to determine the first codon.
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Figure 3.1: A graphical summary of the PacBio RS Il sequence data from a 15 kbp size-
selected KBS50 library, analysed with SMRT Analysis v2.3. The graphs show the
polymerase read length (A), polymerase read quality (B), subread filtering (C), the
coverage across the reference sequence (D), depth of coverage (E), and the variants
across the reference sequence (F).
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Figure 3.2: Dot plots (A) of a complete genome sequence of KBS50 generated using

Gepard v1.40. The diagonal lines (B & C) indicate the presence of a repeat at the

beginning and end of the sequence.

5°-
cctTTATCCACAgccTGTGGATAGcegaccggatgatcacggtgagTTATCCAC
Accggtggacaacggcctgtgg -3’

Figure 3.3: DNA sequence of putative OriC region detected using Ori-Finder. The DnaA

boxes are bold and capitalised.
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Figure 3.4: The putative origin of replication (OriC) region for the complete genome of
KBS50 predicted using Ori-Finder web server. The integrated plots show the Z-curves
(AT, GC, RY and MK disparity curves) for the original sequence (A), and for the rotated
sequence begins and ends in the maximum of the GC disparity curve (B). The short
vertical red line indicates the indicator gene (such as DnaA) location and purple peaks

with the diamonds indicate the DnaA box clusters.
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3.3.3. Genes annotation and the general features of KBS50’s genome

The genome of Plantactinospora sp. KBS50 was assembled as a single, circular
chromosome of 6,689,726 nucleotides, with an estimated sequencing coverage of 88.8 X.
The genome sequence was started with the Bac DnaA gene on a positive strand, located
at the position 1 to 1005. The G+C content of the genome is 72.9% and is comparable to
other Plantactinospora species (Guo et al. 2016; Ma et al. 2016; Qin et al. 2009b; Xing
et al. 2015; Zhu et al. 2012). The genome contains three rRNA operons (55-16S-2385),
and 47 tRNAs that represent all 20 amino acids including one that represents the twenty-
first amino acid, selenocysteine. There are 5,820 coding sequences (CDS) predicted with
a total length of 5,870,697 nucleotide bases, which represent 87.8% of the total genome
sequence length. Out of these, 4,093 CDS (70.3%) were functionally annotated while the
rest were annotated as hypothetical proteins. The largest CDS comprises of 12,663 bp and
the average length of CDS is 1,008 bp. The number of coding sequences in the genome
is slightly biased towards the positive strand (52.8%), a trend shared with many other
microbial genomes (Bentley et al. 2002). The genome also contains a considerable
number of regulatory genes such as transcriptional regulators, histidine kinase, and RNA
polymerase sigma factor, which amount to 6.6% of the total genome. Interestingly, the
genome also contains 12 genes encoding for the “clustered regularly interspaced short
palindromic repeats” (CRISPR) or CRISPR-associated protein. Approximately 50% of
sequenced bacterial genomes contain the CRISPR (Grissa et al. 2007) that provides
protection against viruses (Sorek et al. 2013). The genome features of Plantactinospora
sp. KBS50 is summarised in Table 3.1 while the graphical representation of the genome

is shown in Figure 3.5.

RAST annotation pipeline identified protein-encoding genes and categorises them
according to subsystems category, which are groups of functionally related proteins
(Overbeek et al. 2005). Based on this annotation pipeline, 35% of the CDS in KBS50
genome were connected to various subsystems in the database, while another 65% were
not in the subsystems. These genes were distributed in 413 different subsystems
categories. The highest number of genes (526) are connected to carbohydrate metabolism,
where 141 genes are involved with monosaccharides metabolism and utilisation, while 5
genes are involved in polysaccharides (glycogen) metabolism. Other subsystems features

in which KBS50’s genes are connected to include the metabolism of aromatic compounds
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(65 genes), nitrogen metabolism (10 genes), stress response (130 genes), iron acquisition

and metabolism (15 genes), and protein metabolism (332 genes), among others. The

subsystems category distribution and features counts of KBS50 genes based on RAST

analysis are presented in Figure 3.6.

Table 3.1: Genome assembly statistics for Plantactinospora sp. KBS50.

Parameter

Genome feature

Sequencing data

Number of reads

Number of bases

Mean subread length

N50 value

Average reference coverage
Assembly type/ process

GenBank BioProject number
GenBank BioSample number
Genome sequence accession number
Genome size

G+C content

Chromosome

tRNA

rRNA

Number of CDS

Coding capacity

CDS from (+) strand

CDS from (-) strand

Longest CDS length

Average CDS length

Genes for regulatory function
Functionally annotated proteins (%)
Hypothetical proteins (%)

Genes with FIGfam protein family (%)

PacBio RSII SMRT sequencing, P6-C4

chemistry
61,115
594,209,170
9,722

15,087

88.8 X

De novo/ HGAP assembly
PRINA396887
SAMNO07440307
CP022961
6,689,726
72.9%

Single, circular
47

9 (3 operons)
5,820

87.8%

3,084

2,736

12,663 bp

1,008 bp

439 (6.6% of total genome)
4,093 (70.3%)
1,727 (29.7%)
3544 (60.9%)
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Figure 3.5: A graphical representation of circular genome sequence of Plantactinospora
sp. KBS50 oriented to the chromosomal replication initiator DnaA gene in a forward
direction. From centre to outside ring: GC content, GC skew, tRNA, genes on the reverse
strand, genes on the forward strand. The graphical map was generated using DNAPIotter
(Carver et al. 2009).
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Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Bl Cofactors, Vitamins, Prosthetic Groups, Pigments (252)
Bl Cell Wall and Capsule (154)

B Virulence, Disease and Defense (67)

B Potassium metabolism (13)

W Photosynthesis (0)

Miscellaneous (34)

B Phages, Prophages, Transposable elements, Plasmids (0)
Membrane Transport (114)

Bl Iron acquisition and metabolism (15)
RNA Metabolism (110)

Bl Nucleosides and Nucleotides (101)
Protein Metabolism (332)

Bl Cell Division and Cell Cycle (31)

Motility and Chemotaxis (0)

B Regulation and Cell signaling (41)
Secondary Metabolism (21)

DNA Metabolism (134)

Bl Fatty Acids, Lipids, and Isoprenoids (235)
@ [l Nitrogen Metabolism (10)

B Dormancy and Sporulation (19)

Hl Respiration (114)

Stress Response (130)

Metabolism of Aromatic Compounds (65)
Amino Acids and Derivatives (471)

Sulfur Metabolism (19)

Phosphorus Metabolism (40)
Carbohydrates (526)

EEEREEE

Figure 3.6: Overview of Plantactinospora sp. KBS50’s genes based on RAST annotation pipeline. The pie chart generated by the RAST

server shows the distribution and the number of genes connected to various subsystems categories.
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3.3.4. Genes for protein and carbohydrate metabolism and utilisation

The genome of Plantactinospora sp. KBS50 revealed a wide spectrum of enzymes for
protein metabolism. There are 44 genes identified for protein degradation. These genes
encode enzymes for proteolysis, metallocarboxypeptidase, proteasome, and
aminopeptidase. The most abundant class of protease encoded by the genome are the
serine proteases, which include protease Il (oligopeptidase B), ATP-dependent protease
La (endopeptidase La) and ATP-dependent protease Clp (endopeptidase Clp). Other class
of proteases identified include zinc (metallo) and cysteine proteases. BLAST search of
the protease II protein sequence (CDS no. 348) showed the highest identity to
oligopeptidase B found in Micromonospora species, such as M. zamorensis (79%), M.
viridifaciens (79%), and M. chokoriensis (79%). The protein sequence also showed 77%
identity with protease enzyme found in the marine actinomycetes, S. fropica and S.
pacifica. The BLAST search of the endopeptidase La protein sequence (CDS no. 313)
showed the highest identity to the endopeptidase La found in M. rhizosphaerae (91%).

The genome of KBS50 contains the highest number of genes for carbohydrate
metabolism, with a total of 526 genes listed under the subsystems category. There are 6
identified genes for hydrolysis or with binding function towards cellulose, including the
endo-1,4-B-glucanase (cellulase A, El, and E4) and exoglucanase B
(Exocellobiohydrolase B). A total of 32 genes identified for chitin and N-
acetylglucosamine utilisation, 66 genes for disaccharides/ oligosaccharides utilisation,
and 5 genes for polysaccharides (glycogen) metabolism. Meanwhile, 141 genes are
identified for monosaccharides metabolism and utilisation, where 47 genes accounted for
xylose, 15 genes for D-ribose, 13 genes for L-arabinose, and 47 genes for D-
galacturonate/ glucuronate utilisation. The high number of genes dedicated for
carbohydrate metabolism indicate the ability of KBS50 to utilise a wide variety of carbon

sources as energy.

Page | 68



3.3.5. Biosynthetic gene clusters for secondary metabolism

Genome analysis using antiSMASH indicated the presence of 60 secondary metabolite
BGCs predicted to be involved in the production of polyketides, nonribosomal peptides,
terpenes, siderophores, and lantipeptides, among others. From the 60 BGCs detected, 37
are putative clusters including fatty acid and saccharide, while the major type of BGCs
identified includes 7 NRPS, 7 PKS (Type 1, 2 & 3, abbreviated T1pks, T2pks and T3pks)
and 2 T1pks/NRPS hybrid (Figure 3.7). Almost all of the identified BGCs have low gene
similarity to any known cluster, where 34 clusters have between 4-46% gene similarities
to known gene clusters while 23 clusters have no homologous known gene clusters (Table
3.2). Meanwhile, cluster 47 (Cf putative) and cluster 6 (Terpene) showed high gene
similarity to the sioxanthin BGC at 75% and 100%, respectively, while Cluster 56 (T3pks)
has 71% gene similarity to the alkyl-O-dihydrogeranyl-methoxyhydroquinones BGC. A
large number of unique BGCs in the genome with low gene similarity to any known gene

cluster indicates the potential novelty of their metabolic products.

T1pks/NRPS hybrid, 2

- T1pks (including
o hybrid), 2

T2pks (including
~_hybrid), 3
T3pks, 2

Bacteriocin-
~_ Cf_saccharide, 1

—_Siderophore, 1
- Lantipeptide, 1

4N
~_ Thiopeptide-
Lantipeptide...

Terpene, 3

‘Cf_fatty_a cid, 2

Figure 3.7: Overview of the type of secondary metabolite BGCs in the genome sequence
of Plantactinospora sp. KBS50 identified using the antiSMASH platform.
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Table 3.2: List of secondary metabolite BGCs identified from the genome sequence of

Plantactinospora sp. KBS50 using the antiSMASH platform.

Cluster Type of BGC Most similar known cluster (gene similarity)

Cluster 1 Cf putative Herboxidiene (5%)

Cluster 2 Cf putative Fengycin (20%)

Cluster 3 Cf putative -

Cluster 4 Cf putative -

Cluster 5 Cf putative -

Cluster 6 Terpene Sioxanthin (100%)

Cluster 7 Cf putative -

Cluster 8 Cf putative -

Cluster 9 Cf putative Methylenomycin (14%)

Cluster 10 Cf putative Fluostatin (6%)

Cluster 11 Cf putative -

Cluster 12 Cf putative -

Cluster 13 Cf putative Rabelomycin (10%)

Cluster 14 Cf saccharide Bottromycin A2 (15%)

Cluster 15 Cf putative -

Cluster 16 Cf putative Enduracidin (8%)

Cluster 17 Cf putative -

Cluster 18 Nrps-Otherks- Retimycin (10%)
Lantipeptide-T1pks

Cluster 19 Tlpks Azinomycin_B (4%)

Cluster 20 Cf putative Kinamycin (8%)

Cluster 21 Cf saccharide -

Cluster 22 Cf saccharide -

Cluster 23 T2pks-Oligosaccharide- Mithramycin (37%)
Otherks-Cf saccharide

Cluster 24 Thiopeptide-Lantipeptide ~ Streptomycin (12%)

Cluster 25 Nrps-Cf fatty acid Oxazolomycin (18%)

Cluster 26 Cf saccharide -

Cluster 27 T3pks Furaquinocin_A (43%)

Cluster 28 Cf putative Asukamycin (4%)

Cluster 29 Cf putative -

Cluster 30 Cf saccharide -
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Table 3.2: Continue...

Cluster Type of BGC Most similar known cluster (gene similarity)

Cluster 31 Cf putative Novobiocin (15%)

Cluster 32 Terpene Hopene biosynthetic gene cluster (46%)

Cluster 33 T2pks Pradimicin_biosynthetic _gene cluster (25%)

Cluster 34 Lantipeptide -

Cluster 35 Cf saccharide Cyclomarin (8%)

Cluster 36 Cf saccharide -

Cluster 37 NRPS Clarexpoxcin (10%)

Cluster 38 Lantipeptide- NRPS Bacillibactin (46%)

Cluster 39 NRPS Bacillibactin (46%)

Cluster 40 NRPS Cyclomarin (17%)

Cluster 41 NRPS -Bacteriocin -

Cluster 42 Blactam-T 1pks Maklamicin (30%)

Cluster 43 NRPS-T1pks-Lantipeptide Maklamicin (28%)

Cluster 44 Cf putative -

Cluster 45 Cf putative Lymphostin (30%)

Cluster 46 Terpene -

Cluster 47 Cf putative Sioxanthin (75%)

Cluster 48 Cf fatty acid Chlorizidine A (7%)

Cluster 49 Cf fatty acid -

Cluster 50 Cf saccharide -

Cluster 51 NRPS Daptomycin (4%)

Cluster 52 Cf putative -

Cluster 53 Cf putative Tetarimycin (5%)

Cluster 54 T2pks Xantholipin (18%)

Cluster 55 Cf saccharide Phosphonoglycan (5%)

Cluster 56 T3pks Alkyl-O-Dihydrogeranyl-
Methoxyhydroquinones (71%)

Cluster 57 Cf putative Fosfazinomycin (14%)

Cluster 58 Siderophore -

Cluster 59 Bacteriocin-Cf saccharide Carbapenem MM 4550 (6%)

Cluster 60 Cf saccharide Rifamycin (5%)

Cf = putative cluster identified with the ClusterFinder algorithm in the antiSMASH

platform. Otherks = Other type of PKS cluster.
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3.3.5.1. PKS and NRPS gene clusters

A total of 16 gene clusters encoding for polyketides, nonribosomally synthesised peptides
as well as hybrids clusters containing either T1pks, NRPS or both, were identified from
the genome sequence of KBS50. Based on the co-linearity rules of the modular
biosynthetic pathway, the antiSMASH analysis pipeline was able to predict the core
chemical structures of putative polyketides and peptides product of the modular T1pks
and NRPS clusters (Medema et al. 2011; Weber et al. 2015). Additional tailoring reaction
and cyclisation to produce the final product were not taken into account for the structure
prediction. A total of 11 core structures of the putative metabolic products were predicted
from the T1pks and NRPS clusters including hybrids cluster containing either T1pks or
NRPS or both. The genetic map of the BGCs identified by antiSMASH with their
predicted core structure and the homologous known gene clusters are shown in Figure

3.8-3.18.

HOMKK OO0 DD BEBOMH K D S DI @R MO UHDEHEE 04 KK

Query sequence

GEPMG DDIDTWEDICT_— O OIRDD KK <A I KKIKKKHDAC P ORI IIOHMIEDINNH

BGC0001228_c1: Retimycin biosynthetic gene cluster (10% of genes show similarity)
P
SR 1

BGCO000441_c1: Teicoplanin biosynthetic gene cluster (15% of genes show similarity)
OO T ———_—mRODIRCDIRDD PTDRDIDH-IMII D¢ 4P

BGCO001202_c1: Landepoxcin biosynthetic gene cluster (10% of genes show similarity)
HCHOCCT OOy

BGC0001039 c1: Pyridomycin biosynthetic gene cluster (10% of genes show similarity)
PPOLD

BGCO0001125_c1: Puwainaphycins biosynthetic gene cluster (10% of genes show similarity)
Db

Figure 3.8: Cluster 18, a hybrid genes cluster comprising of NRPS, T1pks, lantipeptides,
and other type of PKS genes. The genes showed 10% similarity to retimycin gene

clusters.
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IDE» ¢ MedslC0 e © 009 B DEDCC 00D

Query sequence

PP (R E 4§ GEanddd K DD D O _CELDR
BGCO000960_c1: Azinomycin B biosynthetic gene cluster (4% of genes show similarity)

BGCO0000651_c1: KS-505a biosynthetic gene cluster (4% of genes show similarity)

> DM XX D OOODOCEAD DD
HaC OH

HO R

Figure 3.9: Cluster 19, a T1pks gene cluster with 4% similarity to the azinomycin B gene

clusters.

DT DD D MDD D IOORUDN D IDNOIDDENE @OHMCIMID ]

Query sequence

BGC0001106_c1: Oxazolomycin biosynthetic gene cluster (18% of genes show similarity)

POMKD DO K KK K HPEDCDG
BGC0000040_c1: Concanamycin A biosynthetic gene cluster (15% of genes show similarity)
<K b | b b DD KT

BGC0000028_c1: Bafilomycin biosynthetic gene cluster (15% of genes show similarity)

BGC0000078 c1: Incednine biosynthetic gene cluster (15% of genes show similarity)
CAHCH DDA OD Y DI < PaP<

BGC0000081_c1: Kedarcidin biosynthetic gene cluster (9% of genes show similarity)

—DHOBHCIPDIMI AT HRIAICTKKIT_—ADDIRTOEKTID DD
Chiral
f;| b
HECW/E\H/ \)'I\ /1\/
CHs O CHa

Figure 3.10: Cluster 25, a hybrid gene cluster of NRPS and fatty acid genes with 18%

similarity to oxazolomycin gene cluster.
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Query sequence

BGCO0001203_c1: Clarexpoxcin biosynthetic gene cluster (10% of genes show similarity)
h DD 00D DN

BGC0000445_c1: Thiocoraline biosynthetic gene cluster (21% of genes show similarity)

4

BGC0001070_c1: Kirromycin biosynthetic gene cluster (10% of genes show similarity)

SUOOIIDEIT- LM | b | A N DDICIDY O oo
Chiral '
0 R o] R
H
R Ny, /k& o
N s, N
- F
NHz o]

G CHa
Ha

Figure 3.11: Cluster 37, an NRPS gene cluster with 10% similarity to clarexpoxcin gene

cluster.

MDD O MO D CKIOMD e/ O N L) 0@ D

Query sequence

BGCO000309_c1: Bacillibactin biosynthetic gene cluster (46% of genes show similarity)

CHaa@adIC
BGCO000359_c1: Fuscachelin biosynthetic gene cluster (46% of genes show similarity)
@ Keau
BGCO0000368_c1: Griseobactin biosynthetic gene cluster (46% of genes show similarity)
DAR@CD-E T}
BGCO000366_c1: Gobichelin biosynthetic gene cluster (53% of genes show similarity)
D <A D4
BGCO0000336_c1: Daptomycin biosynthetic gene cluster (30% of genes show similarity)
P D DR |
Chiral

o

X

F N

Sesheshssens

Figure 3.12: Cluster 38, a hybrid gene cluster of NRPS and lantipeptides genes. The

genes showed 46% similarity with bacillibactin gene cluster.
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Query sequence

BGCO0000309_c1: Bacillibactin biosynthetic gene cluster (46% of genes show similarity)
DA

BGC0000359_c1: Fuscachelin biosynthetic gene cluster (46% of genes show similarity)
I XHau

BGC0000368_c1: Griseobactin biosynthetic gene cluster (46% of genes show similarity)
DA DN

BGC0000366_c1: Gobichelin biosynthetic gene cluster (53% of genes show similarity)
DGO D4

BGC0000336_c1: Daptomycin biosynthetic gene cluster (30% of genes show similarity)
OO KKK DS DO DD

Chiral
HzN

R NH

CHa R R O o R 0 R &} o] :\[O
H H H
HO N N N OH
N N N I
H 7‘(\ H H :1
0 OH o R ] R o} Qo
HO

Figure 3.13: Cluster 39, an NRPS gene cluster with 46% similarity to the bacillibactin
gene cluster.

Query sequence

KOO XKD DA HeE@@cCa— 1 HKKKPH <KD KKK X T

BGCO000333_cl: Cyclomarin biosynthetic gene cluster (17% of genes show similarity)
— GEE@ <K

KKK HH KK X T XK KK

BGCO001097_cl: Griseoviridin biosynthetic gene cluster (8% of genes show similarity)
> K] o H X}

Chiral

a2
i B
o
2L

HO

2

Figure 3.14: Cluster 40, an NRPS genes with 17% similarity to cyclomarin gene cluster.
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Query sequence

QKT MDEBODI DEDMIOOIMKIKIKH(-

K1396772_c2: Streptomvces aureofaciens strain CCM3239 plasmid pSA3239, comp.. (14% of genes show similarity)

GG657752_c2: Streptomyces sp. C genomic scaffold supercontl.3, whole genome... (12% of genes show similarity)

R DI DO DI DI CCoODPOT oM T _biiD T o Hoadaigl
CBSY010000206_c1: Xenorhabdus bovienii str. kraussei Quebec WGS project CBS... (8% of genes show similarity)
CP001654_c5: Dickeya dadantii Ech703, complete genome. (7% of genes show similarity)

DADKD DM CLCODIBER M <3 b D b b I OCOOM O 100D

AE]IC01000580_c1: Streptomyces ipomoeae 91-03 gcontig 1108499723647, whole g... (7% of genes show similarity)
DOt

Chiral
o]

NH2 R o) A
Y PP
] ~ LAFS L) /—

- N N
H H
o o] R

Figure 3.15: Cluster 41, a hybrid of NRPS and bacteriocin genes with 14% similarity to
the gene cluster found in Streptomyces aureofaciens. This cluster showed no similarity

to any known gene cluster.

QO D D) BHD D) BINBHD) D MDA HEGH DD |

Query sequence

ORI D DD D BN BDEED Y B D D MK EDH S MU KDY

BGC0001288_c1: Maklamicin biosynthetic gene cluster (30% of genes show similarity)

BGC0000036_c1: Chlorothricin biosynthetic gene cluster (26% of genes show similarity)
HKCMKMH KO D) D D D ) D<K

BGCO0000133_c1: Quartromicin biosynthetic gene cluster (17% of genes show similarity)

PCHIEED DD )P DI-<T0M
BGC0000052_c1: ECO-02301 biosynthetic gene cluster (26% of genes show similarity)

Cobth
BGCO000087 c1: Lasalocid biosynthetic gene cluster (17% of genes show similarity)
Chisal
CHs.
C : -'. O 0 C o OH o A o | CH: a R
) | H B ) o
AL \/J-I\,/”\//‘-\\‘f\)\ \/-W LN 2 \\)'L_ o, _r‘/k&
i K i B
G OHs R 4] (8] R o] ]
G CHs

Figure 3.16: Cluster 42, a hybrid of T1pks and R-lactam genes with 30% similarity to the

maklamicin gene cluster.
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> 1D MM G D & IO A NE (@D MMHEDED ) | K THOICONOA

Query sequence

BGC0001288_c1: Maklamicin biosynthetic gene cluster (28% of genes show similarity)

40 i DD HHEKKKIXOOMT DT A > KD
BGC0000036_c1: Chlorothricin biosynthetic gene cluster (23% of genes show similarity)
MK KIDKADD (DT B M D, I | DD O0-Cd
BGC0001204 _c1: Versipelostatin biosynthetic gene cluster (23% of genes show similarity)
PO > <K o KKK D0
BGC0000052_c1: ECO-02301 biosynthetic gene cluster (23% of genes show similarity)
4 | b | b | Bl A b A DI DI

BGC0000187_cl: Asukamycin bmsynthetlc gene cluster (8% of genes show similarity)

Chiral

CHs
o R Q CHs © R
H H H
N N N )v 6]
HeN /Y\I-r N N N
H A
] o R 0 R c
HsC CHs

Figure 3.17: Cluster 43, a hybrid of NRPS, T1pks and lantipeptides genes with 28%
similarity to the maklamicin gene cluster.

Query sequence

BGC0000279 ¢1: Xantholipin biosynthetic gene cluster (18% of genes show similarity)
— KK HEC OO OO0 P DD D NEa @ oo

BGC0000242_c1: Lysolipin biosynthetic gene cluster (12% of genes show similarity)
OO OPEAKEEEMKIT DK KKK MK K- DXK 4

BGCO000256_c1: Pradimicin biosynthetic gene cluster (12% of genes show similarity)
CAEEM 0D <K IDKADO O

BGC0001062_c1: TLN-05220 biosynthetic gene cluster (12% of genes show similarity)
D O x¢Eeedeoa oK

BGC0000222_c1: FD-594 biosynthetic gene cluster (12% of genes show similarity)
— 4O O KON O - CIKKIDCDED

NH2
H
N
R)}( WAO
@) R

Figure 3.18: Cluster 51, an NRPS gene cluster with 18% similarity to the xantholipin

gene cluster.
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3.3.5.2. Biosynthetic gene clusters for other secondary metabolites

In addition to PKS, NRPS and PKS/NRPS-hybrids BGCs, the genome of strain KBS50
also contains several gene clusters for bacteriocin, lantipeptide, terpene and siderophores
biosynthesis, which adds to the diversity of secondary metabolites that this strain could
potentially produce. A total of 7 gene clusters including terpenes (Cluster 6, 32, 46),
lantipeptides (Cluster 24, 34), siderophores (Cluster 58) and bacteriocin (Cluster 59) were
identified.

Cluster 6 (terpene) showed remarkably high gene similarity (100%) to the sioxanthin
BGC. The genetic map of this cluster also showed highly identical gene cluster
organisation with the sioxanthin gene cluster (Figure 3.19). Sioxanthin is a novel
carotenoid compound first characterized from S. tropica CNB-440 that is responsible for
the orange pigmentation observed in Salinispora, and its biosynthetic pathway also
present in other genera such as Micromonospora and Verrucosispora (Richter et al.
2015). Cluster 32 is another terpene gene cluster with 46% similarity to the hopene gene
cluster (Figure 3.20), while cluster 46, another terpene, showed no gene similarity to any
known gene cluster although it showed 45% similarity to the uncharacterized gene

clusters found in Micromonospora species (Figure 3.21).

Query sequence

BGC0001087_c4: Sioxanthin biosynthetic gene cluster (100% of genes show similarity)
aEEECTT e >

BGC0000664_c1: Isorenieratene biosynthetic gene cluster (40% of genes show similarity)

[ b | >} KO}

Figure 3.19: Genetic map of cluster 6 (terpene) and its homologous known gene

clusters. The gene cluster organisation highly resembled the sioxanthin BGC.
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B O REC KK I >
BGC0000002CT: XISWAC plozAugpsiic deue cjnegel (T2q¢ ok B6uee 2pom 2iulsugh)

KX T O XK K@ X XK XA o oD e
BCCOOOTT#0 CT: blefsuziwAciu \ bjgfsuciu plozAugpspc deue cjnefel (T2g0 0f deuez 2pom 21I|9LIEA)

IR KK T >R M@K o oo > o D T >——
BGCO00TTRe cI: pjgfsuciy plozhugpsfic 6ue cinafel (1240 of deusa epom 2iuljgLiph)

K o oo aa T o
BGCO00D0280 CT: WSI60PSCU plo2Aupsiic G6ue cjneel (1240 oL deuee 2PoMm 2ILUIISLIFA)

G GEGEENGE a@C S
BCECO000003 C1: Hobeus plozAufpsfic @sus cnzfel (4000 oL Asusz 2pom 2IL9LIEA)

OO K- @ K< KD o>
(neLA esdnsuce

Figure 3.20: Genetic map of cluster 32 (terpene) shows 46% gene similarity and almost

similar gene cluster organisation to the hopene BGC.

Query sequence

PRI T I @l ECKandal-

CP002399_c5: Micromonospora sp. LS, complete genome. (45% of genes show similarity)
IO X HaEaEdP Py Oamaam D ke KKKeaeRm 0K

CP002162_c16: Micromonospora aurantiaca ATCC 27029, complete genome. (45% of genes show similarity)
X D KK GEEEdP R D4 0 @ik e KKK HNEaE 10K KX

CAIE01000037_c2: Micromonospora lupini str. Lupac 08 WGS project CAIEOD0000... (45% of genes show similarity)
1T X ID<X X HX<-RaEDRNaEaED S @D M1 KKK e D KK

CP002638_c18: Verrucosispora maris AB-18-032, complete genome. (43% of genes show similarity)
<X KX KH<{aE DPbhr-amcEDrFrEn @b hreaNedE D KKK KKK

KK037233_c17: Micromonospora sp. M42 genomic scaffold supercontl.1, whole g... (43% of genes show similarity)
XX DO K XaEe B aEmEm D Ehre-XKKHee@m DI

Figure 3.21: Genetic map of cluster 46 (terpene) shows 45% gene similarity to an
uncharacterized gene cluster found in Micromonospora sp. Cluster 46 has no

homologous known gene clusters.

Cluster 59 was identified as bacteriocins-saccharide hybrid gene cluster with 6%
similarity to the carbapenem gene cluster. Bacteriocins are ribosomally synthesised
peptides or proteins compound produces by both Gram-negative and Gram-positive
bacteria that may exhibit narrow or broad spectrum antibacterial activity (Cotter et al.

2005; Yang et al. 2014). Lantipeptides and thiopeptides are another types of ribosomally
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synthesised peptides that may exhibit antimicrobial properties. One lantipeptide gene
cluster (Cluster 34) was identified with no homologous known gene cluster. Another 4
clusters containing the lantipeptides genes are Cluster 18 and 43 (NRPS-T1PKS-
lantipeptide hybrid), cluster 38 (NRPS-lantipeptide hybrid), and cluster 24 (thiopeptide-
lantipeptide hybrid). The genetic maps of these ribosomally synthesised peptides (except
for the NRPS/T1pks hybrids) are shown in Figure 3.22.

Cluster 59

B &EaCamCCodArh DE DO D IO D« XKD
Cluster 34

PEIGGR @i JEmee 2§ @t [Geses oo )

Cluster 24

Leader Core peptide (putative class )
[ 1

MTPETDLTALAEEILELESETFAISDYADAS - EAILADhaCDhaDhaDhaGDhbDhbDhaDhbCDhaDhaDhbDhbDhaDhbDhbDhaCDhaA

Putative Class I Dha: Didehydroalanine

Score: -11.20 Dhb: Didehydrobutyrine
Monoisotopic mass: 2224.0 Da

Molecular weight: 2225.3 Da
Number of bridges: 3

Figure 3.22: Genetic map of cluster 59 (bacteriocin), 34 (lantipeptide), and 24
(thiopeptide/lantipeptide). Predicted structure for cluster 24 including the leader, core

peptide and the molecular weight is shown below the genetic map.

Siderophores are chelating agents produced by bacteria and fungi which primarily used
for scavenging Fe** ion from the environment (Chu et al. 2010; Johnstone & Nolan 2015;
Neilands 1995). One siderophore gene cluster (Cluster 58) was identified with no
homologous known gene cluster, although it showed 12% similarity to the
uncharacterized gene clusters found in Micromonospora and Streptomyces species
(Figure 3.23). The presence of TetR family transcriptional regulator in this gene cluster
suggests that the synthesis of the siderophores may be regulated by the protein.
Meanwhile, the presence of genes related to those coding for TucA/IucC protein family
suggests that this gene cluster may synthesise aerobactin-like siderophores for iron

transport system (de Lorenzo & Neilands 1986).
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TetR family LucA/LucC

r— [ |
Query sequence
< HDDEDEe o
CP002399_c7: Micromonospora sp. L5, complete genome. (12% of genes show similarity)
OO« O <0y + o KKK K-

BAO0D0030_c33: Streptomyces avermitilis MA-4680 DNA, complete genome. (12% of genes show similarity)
DDA DI MO OOWIKKK DI DO DX KD

FN554889_c26: Streptomyces scabiei 87.22 complete genome. (12% of genes show similarity)
HPCHMI4L A b A b PO MAKIKIHIDABERD IR AT

JPPWO01000368_cl: Streptomyces scabiei strain NCPPB 4066 scf 64917 106.1 con... {12% of genes show similarity)
E===——me————ge—————] S

CM000913_c22: Streptomyces clavuligerus ATCC 27064 chromosome, whole genome... (12% of genes show similarity)
WA K I O KH O HIDEDEE)) o0« H o> >0 >ad

Figure 3.23: Genetic map of cluster 58 (siderophore) which may involve with the
biosynthesis of aerobactin-type siderophores. The cluster contains genes encoding for

TetR family transcriptional regulator and the lucA/lucC protein family.
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3.3.6. Comparative secondary metabolite biosynthetic gene clusters analysis

The genome size of strain KBS50 (6.689 Mb) is larger than other species from the
Micromonosporaceae family being compared, although only slightly bigger than M.
narathiwatensis (6.612 Mb). However, the linear chromosome of S. coelicolor is almost
2 Mb larger than KBS50 genome (Table 3.3). Having a larger genome also contributed
to the overall higher number of BGCs in S. coelicolor, at 96 total clusters. KBS50 has a
total of 60 BGCs compared to 62 in S. arenicola, 51 in S. tropica and 61 in M.
narathiwatensis. Based on the analysis in this study, the secondary metabolites BGCs in
KBS50 genome spans across approximately 35% of the total genome, as compared to S.
arenicola (40%), S. tropica (36%), M. narathiwatensis (27%), and S. coelicolor (28%).
This was most likely an overestimate because the gene clusters identified through
antiSMASH also includes adjacent genes which might not be associated with the gene
cluster, as well as many putative gene clusters identified using the ClusterFinder

algorithm (Medema et al. 2011; Weber et al. 2015).

The variety of secondary metabolite biosynthetic pathway in strain KBS50 is comparable
to other species being compared, with the exception of the Salinispora species which have
an additional type of gene clusters including ladderane, indole, amglyccycl, and
butyrolactone (Table 3.3). Ectoine BGC is found only in S. coelicolor. Among the four
species of Micromonosporaceae, KBS50 has the highest number of NRPS (7), T2pks (3)
and T3pks (2) gene clusters, whereas S. arenicola has the highest number of T1pks (7).
Other than cluster 6 (terpene) and cluster 47 (Cf putative) which showed highly similar
genes and cluster organization to the sioxanthin BGCs found in S. tropica, other gene
clusters found in KBS50 genome have low similarity to any known gene clusters, as well
as lack of similarity to any gene clusters found in the species of which it was compared
with. However, a number of gene clusters found in KBS50 share high gene similarity and
cluster organization to uncharacterized gene clusters found in other species, such as
Micromonospora (cluster 56, T3pks, 80% similarity), Kibdelosporangium (cluster 54,
T2pks, 79% similarity), and Streptomyces (cluster 23, T2pks, 53% similarity). Lack of
homologous gene clusters indicates the uniqueness of secondary metabolite BGCs found

in KBS50 and their putative metabolites.
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Table 3.3: Secondary metabolite BGCs in strain Plantactinospora sp. KBS50 genome in comparison to other species.

Organism Plantactinospora Salinispora Salinispora Micromonospora Streptomyces
sp. KBS50 arenicola’ tropica narathiwatensis® coelicolor
Chromosome organization Circular Circular Circular Circular Linear
Genome size 6.689 Mb 5.786 Mp 5.183 bp 6.612 Mb 8.667 Mb
T1pks (including hybrids)? 2 7 3 - 4
T2pks 3 1 2 1 2
T3pks 2 1 1 1 1
NRPS (including hybrids)* 7 4 3 3 3
PKS-NRPS hybrid 2 2 3 5 1
Bacteriocin 1 - 1 1 2
Lantipeptide/ thiopeptide 2 2 1 2 3
Terpene 3 3 1 5 4
Siderophore 1 1 1 1 3
Ladderane - 1 - - -
Indole - 1 - - 1
Amglyccycl - 1 1 - -
Butyrolactone - 1 1 - -
Ectoine - - - - 1
Others’ 37 37 33 42 71
TOTAL 60 62 51 61 96

'One gene cluster of T1pks in S. arenicola contains lantipeptides-bacteriocin genes. 2Five gene clusters of PKS-NRPS hybrid in M. narathiwatensis
contain the T1pks genes. 3T 1pks-hybrid clusters contain T1pks and other non-NRPS genes. “NRPS-hybrid clusters contain NRPS and other non-PKS
genes. °Other type of BGCs identified with the ClusterFinder algorithm: Cf_putative, Cf_saccharide, Cf_fatty acids.
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3.4. Discussion

Genome mining approach to natural product discovery incorporates the genome
sequencing and bioinformatics analysis to identify gene clusters that involve in the
biosynthesis of secondary metabolite compounds (Choi et al. 2015; Ziemert et al. 2016;
Zotchev et al. 2012), allowing an estimates of the full metabolic capability of the
actinomycete strain. The objectives of this study were to sequence and to characterize the
complete genome of strain KBS50, and to identify the secondary metabolite BGCs in the
genome sequence using bioinformatics tool. In Chapter 2, strain KBS50 has been
identified as a new species of Plantactinospora, while the antimicrobial screening showed
its ability to produce antimicrobial compounds against fungi and bacteria test strains.
Plantactinospora sp. KBS50 is a unique addition to the rare actinomycete genus by being
the first species isolated from the marine-associated environment in Sarawak to date.
Therefore, this study presented the first complete genome sequence of a Plantactinospora
species that provided insights into the genome structure and the capability of this species

to synthesise diverse type of secondary metabolite compounds.

In this study, the complete genome of KBS50 was successfully sequenced and assembled
as a single contig that represents the finished genome sequence. This was possible with
the application of PacBio SMRT sequencing technology that is capable of producing long
read length and very high consensus accuracy (Koren & Phillippy 2015; Rhoads & Au
2015). DNA integrity and size-selection of the prepared SMRTbell library were the
contributing factors in generating longest sequencing reads possible. Due to the
preferential loading of shorter molecules in the zero-mode waveguide of the SMRTCell,
size-selection using the BluePippin system was necessary for preferential selection of
longer molecules during library preparation, which results in an overall longer reads and
higher N50 value (Rhoads & Au 2015). The N50 refers to 50% of the entire assembly is
contained in contigs or scaffolds equal to or longer than the N50 value (Salzberg et al.
2012). Sequencing coverage for strain KBS50 genome was estimated at 88.8X which is
lower than the recommended 100X coverage for generating a finished bacterial genome
(Koren & Phillippy 2015). However, with the improvement in sequencing chemistry, high
consensus accuracy can be obtained for the finished genome (Koren & Phillippy 2015),
as in the case of KBS50 genome assembly where the consensus accuracy is over 99.999%.

High quality and complete genome sequence generated using PacBio SMRT sequencing
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technology is essential for downstream analysis, especially so for actinomycetes genome
with high GC content that can be difficult to resolve using other sequencing technology
(Shin et al. 2013).

The circular topology of the KBS50 chromosome is in agreement with other reported
genomes from the Micromonoporaceae family (Trujillo et al. 2014; Udwary et al. 2007).
The genome size is moderately larger than other actinomycetes such as Salinispora
(Udwary et al. 2007), but smaller compared with Streptomyces (Bentley et al. 2002) and
Nonomuraea (D’ Argenio et al. 2016). Larger genome usually translates to higher coding
capacity and this is true for KBS50 which has higher number of CDS compared to the
smaller-sized genomes of S. tropica (Udwary et al. 2007) and E. coli (Riley et al. 2006),
but lower compared to larger-sized genome such as the N. gerenzanensis (D’ Argenio et
al. 2016). The GC skew often used as an indicator to determine replication origin as well
as to distinguish between the leading strand and the lagging strand (Sernova & Gelfand
2008). In the case of KBS50 genome, the leading strand has positive GC skew right after
the origin of replication, and this changes around halfway in the genome where there is
excess of C, over G (Figure 3.5). The identification of replication origin is essential to

better understand the distribution of genes in the genome sequence (Gao & Zhang 2008).

RAST annotation pipeline provides high-quality genome annotation that automatically
identifies coding sequences and assigns their respective functions. Annotations were
made by comparison with other protein families in the database (Aziz et al. 2008;
Overbeek et al. 2014). Apart from being completely automated annotation process, the
result obtained using RAST is estimated to match the quality of the best manual genome
annotation (Overbeek et al. 2014). KBS50 genome was annotated with a wide array of
genes for carbohydrate, amino acids and protein metabolism, making it highly capable of
utilising a different type of carbon and nitrogen sources as energy. The genome also
revealed a high number of genes encoding enzymes for protein degradation. High level
of protease activity detected on SMA medium (tested in Chapter 2) indicates that the
protease enzyme was produced and excreted to the extracellular environment. Protease
activity could be linked to antagonistic activity against fungi test strains by inhibiting the
growth of fungal mycelia (Illakkiam et al. 2013; Liu & Yang 2013). Meanwhile, there
was no glucanase activity detected on CMC and Avicell agar, although genome analysis

indicates the presence of genes for cellulose hydrolysis. The absence of glucanase activity
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could be attributed to weak enzyme activity resulted from the secretion of very small
amount of the enzyme into the media if excreted at all (Begum & Absar 2009). Compared
to an endophytic actinomycete, Micromonospora lupine which was reported to have 46
genes for cellulose degradation and high level of in vitro cellulase activity (Trujillo et al.
2014), the small number of cellulase-related genes present in KBS50 genome suggests

that it may be incapable of hydrolyzing cellulose completely.

As a novel strain from a rare group of actinomycetes, the genome of KBS50 contains a
repertoire for diverse types of secondary metabolites BGCs (Table 3.2 and Table 3.3).
Notably, it has the highest number of BGCs for polyketides and nonribosomal peptides
biosynthesis as compared to S. tropica and S. arenicola, the marine actinomycetes which
are highly regarded as a prolific producer of bioactive compounds (Fenical & Jensen
2006). The presence of a diverse type of BGCs showed that it is genetically capable of
producing a considerable number of secondary metabolite compounds high in structural
diversity and possibly diverse biological activity. The metabolites particularly the one
resulted from PKS and NRPS biosynthetic pathways may exhibit a wide range of

biological activity including antimicrobial and anticancer (Cane & Walsh 1999).

Based on the initial antimicrobial screening results for KBS50, the antimicrobial
properties particularly the narrow spectrum antibacterial activity against S. aureus and B.
subtilis might be attributed to the presence of bacteriocins, thiopeptides, or lantibiotics
compounds. Diversity in the lantipeptides biosynthetic pathway leads to their high
structural diversity and bioactivity (Knerr & van der Donk 2012). Also known as
lantibiotics, this type of compounds is produced by Gram-positive bacteria and may
exhibit antibacterial properties primarily against Gram-positive bacteria (Brotz and Sahl
2000). Thiopeptides is another class of ribosomally synthesised peptides that are highly
active against the Gram-positive bacteria (Just-Baringo et al. 2014). Another possible
compound produced by KBS50 which may exhibit antimicrobial activity is terpene. In
general, terpenes are diverse class of natural product, mostly produced by plants and fungi
(Yamada et al. 2015). Terpenes have diverse functions in it host producer including
antagonistic agents for a defence mechanism, among others (Gershenzon & Dudareva
2007). Having a diverse type of BGCs, it is possible that the secondary metabolites
produced by KBS50 may possess other biological activity beyond antimicrobial

properties, which was not evaluated in the present screening.
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The advent of the next generation sequencing technology and comprehensive
bioinformatics analysis tools are two key components that facilitate genome mining for
natural product discovery from microorganisms. The current limitations, however, may
perhaps lay upon the efficiencies of the bioinformatics tools to detect and identify
secondary metabolites gene clusters from genome sequence data, as these tools depend
heavily on pre-existing information on the specific type of secondary metabolites
biosynthetic pathways that have been manually curated (Ziemert et al. 2016). As more
data on the lesser known type of secondary metabolites become available in the future,
we can expect that additional types of secondary metabolite genes may be identified from
the genome sequence. Therefore, the number and type of BGCs in KBS50 genome may

be more than what has been reported in the present study.

One of the limitations in antiSMASH is that it may not distinguish different type of gene
clusters that happen to be close to each other, resulting in hybrid clusters (Medema et al.
2011). Therefore, the actual number of BGCs in the genome could be higher because two
different gene clusters might have been merged and identified as a single hybrid by the
antiSMASH. The actual number of genes especially the accessory genes within the
identified cluster may also be overestimated due to the nature of BGCs detection by the
antiSMASH (Medema et al. 2011). Manual examination of the gene cluster of interest
may be necessary to define the actual gene cluster’s boundary. Core chemical structure
of a fully functional gene cluster can be predicted using antiSMASH (Zotchev et al. 2012),
providing a clue as to whether the identified gene cluster consists of the necessary genes
to synthesise the compound. The prediction was based on the substrate specificity of the
acyltransferase (AT) and adenylation (A) domains of PKS and NRPS, respectively
(Medema et al. 2011). Based on these predictions, 11 core structures of PKS and NRPS
gene clusters were presented (Figure 3.8 to 3.18), which provides an overview of the
diverse structural variations between the secondary metabolite products of these gene
clusters. Some degree of similarity between the predicted core structures can be observed
especially for adjacent clusters where the gene boundaries were not well separated (Figure
3.12 and 3.13). Although structural prediction offers some idea of structural diversity and
functionality of the BGCs, it is still far from being able to predict the structure of the end
product due to many possible tailoring reactions and cyclisation that may take place post-

PKS/NRPS reactions (Weber et al. 2015).
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With the large amount of secondary metabolite BGCs, one might expect to detect a
number of these metabolites from the strain’s fermentation product. However, HPLC
analysis of crude extracts from the fermentation of KBS50 in four different broths
detected a small number of compounds (Figure 2.8). This result indicates that many of
the BGCs might not be expressed or poorly expressed when the strain was fermented in
those media. Other researchers have shown similar findings for actinomycetes rich in
secondary metabolite BGCs (Bentley et al. 2002; Ikeda et al. 2003; Oliynyk et al. 2007;
Udwary et al. 2007). These circumstances may pose a challenge to the discovery of
secondary metabolite compounds from KBS50, as many of the gene clusters may be silent
that requires activation in order to isolate its metabolites. Production of very small amount
of metabolite in fermentation would make it difficult to detect let alone to isolate in
sufficient amount for further analysis. Even if the metabolite might possess potent
antimicrobial properties, its presence in very low concentration in an extract may result

in undetected biological activity (Rutledge & Challis 2015).

To overcome the limitation of low gene expression or silent genes, strategies such as
fermentation using the OSMAC approach, genetic manipulation of the gene cluster of
interest, ribosome engineering or heterologous expression can be used to induce the
secondary metabolites biosynthesis from KBS50 (Choi et al. 2015; Zerikly & Challis
2009). The genetic map of the BGCs from KBS50 indicate that most of the cluster are
conceivably regulated by regulatory proteins such as transcriptional regulators. Hence, it
might be possible to manipulate these regulatory genes in order to increase the expression
level or to activate the BGCs of interest (Reen et al. 2015). Meanwhile, the more
traditional strategy using OSMAC approach has been shown to be quite successful for the
discovery of many secondary metabolite compounds from a single strain (Bode et al.
2002). Fermentation of KBS50 in a small number of media as demonstrated in Chapter 2
showed that its secondary metabolites production could be influenced by the different
type of cultivation media. By increasing the level of expression or activating silent BGCs
in strain KBS50 using the OSMAC approach, one might possibly detect broader

antimicrobial spectrum or different type of biological activity from the crude extracts.
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3.5.  Summary

In this study, a complete genome of the actinomycete strain, Plantactinospora sp. KBS50
was sequenced and analysed to evaluate its genetic capability in synthesising various type
of secondary metabolite compounds. The high-quality genome was assembled from the
PacBio SMRT sequencing data that represent the finished genome. The circular
chromosome of KBS50 comprised of 6,689,726 nucleotides. Genome annotation
performed using RAST server identified 56 RNAs and 5,820 coding sequences with the
coding capacity of 87.8%. Strain KBS50 is highly capable of utilising various source of
carbon and nitrogen for energy based on a large number of genes dedicated for
carbohydrates, proteins, and amino acids metabolism. The presence of many genes that
encode for proteolytic enzymes, which was supported by strong in vitro protease activity
makes the actinomycete a promising source of proteases. The strain is also an interesting
candidate for biocontrol agent against plant pathogenic fungi. Plantactinospora sp.
KBS50 genome contains a highly diverse type of secondary metabolite BGCs, making it
an interesting source of natural product compounds such as polyketides, nonribosomal
peptides, lantibiotics, terpenes, bacteriocins, siderophores and siderophores. These
compound are estimated to exhibit a wide range of biological activities including
antimicrobial, anticancer and iron transport function. The fact that strain KBS50 exhibits
strong antibacterial activity against Gram-positive bacteria showed that the antibacterial
compound is readily produced in liquid culture, allowing for its isolation and purification.
The antibacterial activity by strain KBS50 might have been contributed by more than one
type of compounds, due to the presence of many gene clusters for biosynthesis of various
compounds with antimicrobial properties. The genome sequencing and analysis of
Plantactinospora sp. KBS50 provides valuable genetic information that reveals its ability
to synthesise diverse type of secondary metabolite compound. The large number of
unique secondary metabolite BGCs strongly indicate that strain KBS50 is a promising

source for discovery of novel bioactive natural product compounds.
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CHAPTER 4

Enhancement of Antimicrobial Activity and Secondary
Metabolites Detection from Plantactinospora sp. KBSS0 using
the OSMAC fermentation approach

4.1. Introduction

Actinomycetes are an excellent producer of secondary metabolite compounds with
various biological activity and this capability is further supported by the genome
sequencing and analysis which reveals that many actinomycetes’ genome contains
various gene clusters for secondary metabolites biosynthesis (Peri¢-Concha & Long
2003). Similarly, the genome analysis of Plantactinospora sp. KBS50 revealed that the
actinomycete strain possesses many BGCs for the biosynthesis of various type of
secondary metabolite compounds including polyketides, nonribosomal peptides,
bacteriocins, lantipeptides, thiopeptides and terpenes. Many of these compounds could
potentially exhibit narrow spectrum or broad spectrum antimicrobial activity. However,
the preliminary screening, as presented in Chapter 2, showed that KBS50 only
demonstrated a narrow spectrum antibacterial activity against the representatives of
Gram-positive bacteria. In addition, the HPLC analysis revealed a relatively small number
of secondary metabolite compounds present in the crude extracts. It was possible that
some of the secondary metabolite compounds were produced in a very small quantity
which limits the detection of their antimicrobial activity during the bioassay screening
(Rutledge & Challis 2015). Since nutrient composition can affect secondary metabolites
production (Bode et al. 2002), it was anticipated that the cultivation media used for the
fermentation could have limited the yield or the number of compounds produced by this
actinomycete. Under these ‘standard’ cultivation conditions, the secondary metabolite
biosynthetic genes may remain silent or poorly expressed (Rutledge & Challis 2015;
Zerikly & Challis 2009).

Having the genetic capacity to synthesise various type of antimicrobial compounds, it was

further hypothesised that the antimicrobial activity and secondary metabolites detection
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from KBS50 could be enhanced using the OSMAC fermentation approach. Hence, the
study in this chapter was designed to evaluate the antibiotics production by KBS50 using
the fermentation media supplemented with selected chemical and biological elicitors, as
well as cultivation at different pH value and incubation temperature. The fermentation
medium, ISP2, was selected as the basal medium whereby small variation was then made.
To evaluate the antibiotics production, the crude extracts from the OSMAC fermentation
were screened against test microorganisms to gauge its antimicrobial activity. Statistical
analysis was carried out to determine whether there were any significant increases in
antibiotics production as the results of the OSMAC fermentation. Comparative HPLC
analysis was carried out to monitor the changes of secondary metabolite production in the
OSMAC media as compared to the basal medium. The possible number of secondary
metabolite compounds with antibacterial activity against the Gram-positive bacteria was
estimated using the bioassay-guided fractionation, which eventually leads to the isolation
of the bioactive compounds. The potency of these compounds was determined by the

evaluation of the MIC and the MBC.

The objectives of the study in this chapter were as follows:

1) To enhance the antibiotics and secondary metabolites production by KBS50
using the OSMAC fermentation approach.

1) To evaluate the effect of the OSMAC fermentation on antibiotics and
secondary metabolites production by KBS50, using antimicrobial screening
and comparative HPLC analysis.

1i1) To isolate the antimicrobial compounds through bioassay-guided fractionation

for the determination of its MIC and MBC.
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4.2. Materials and Methods

4.2.1. Fermentation media compositions and preparation

The fermentation broth ISP2 was selected as the basal medium and small variations in its
composition were made by the addition of elicitor elements and changes to the cultivation
parameters (Table 4.1) All the broth were prepared at final pH of 7.2 (unless stated

otherwise) and sterilised by autoclaving at 121°C for 15 minutes.

Table 4.1: Fermentation broths for the OSMAC approach.

No. Fermentation broth Medium composition (per L) and preparation

1 ISP2 (basal Yeast extract, 4.0 g, malt extract, 10.0 g, glucose, 4.0 g.

medium)

2 ISP2+NaCl 1% ISP2 basal medium supplemented with 1% NaCl (w/v).
Added before sterilization.

3 ISP2+NaCl 1.5% ISP2 basal medium supplemented with 1.5% NaCl (w/v).
Added before sterilization.

4 ISP2+DMSO 3% ISP2 basal medium supplemented with 3% DMSO. The
stock concentration of DMSO was filter-sterilized
through 0.2 um filter and added into the basal medium
after sterilisation.

5 ISP2+Sc 25 uM ISP2 basal medium supplemented with scandium chloride
(ScCl3*6H0) at 25 uM final concentration. Scandium
chloride stock concentration was filter-sterilized through
0.2 um filter and added into the basal medium after
sterilisation.

6 [SP2+Sc 50 uM ISP2 basal medium supplemented with ScCl3*6H>O at 50

uM final concentration.

7 ISP2+BS cells' ISP2 basal medium supplemented with 2.5% (v/v) dead
cells of B. subtilis (stock concentration of 1.0 x 108
cells/ml).

8 ISP2+EC cells! ISP2 basal medium supplemented with 2.5% (v/v) dead

cells of E. coli (stock concentration of 1.0 x 108 cells/ml).
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Table 4.1: Continue...

No. Fermentation broth Medium composition (per L) and preparation

9 ISP2+AN filtrate>  ISP2 basal medium supplemented with 1.5% (v/v) 4. niger
culture filtrate.

10  ISP2+GB filtrate?  ISP2 basal medium supplemented with 1.5% (v/v) G.
boninense culture filtrate.

11 ISP2+PPB 5 mM ISP2 basal medium supplemented with potassium
phosphate buffer (pH 7.2) at 5 mM final concentration.
Added before sterilisation.

12 ISP2+PPB30mM ISP2 basal medium supplemented with potassium
phosphate buffer (pH 7.2) at 30 mM final concentration.

13 1SP2 37°C Fermentation at 37°C in ISP2 broth.

14 ISP2pH?9 ISP2 broth adjusted to pH 9.

15 % ISP2 Half-strength ISP2 broth.

16 2 ISP2+GlcNac 25 Half-strength ISP2 basal medium supplemented with N-

mM acetylglucosamine (GlcNac) at 25 mM final concentration.

The stock concentration of GlcNac was filter-sterilized
through 0.2 pum filter and added into the basal medium
after sterilisation.

17 ISP2/GYM Yeast extract, 4.0 g, malt extract, 10.0 g, glucose, 4.0 g,

peptone (NZ-Amine A), 1.0 g, NaCl, 2.0 g,
morpholinopropanesulfonic acid (MOPS) 1 M, 50 ml.
Adapted from GYM broth (Ochi 1987).

" The dead cells of B. subtilis and E. coli were prepared from overnight cultures according
to the method of Luti and Yonis (2013).

2 The culture filtrates for A. niger and G. boninense were prepared according to the
method of Wang, D et al. (2013).
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4.2.2. Fermentation and extraction of secondary metabolites

Pre-culture of KBS50 was prepared by inoculating 50 ml ISP2 broth in 125 ml
Erlenmeyer flasks with a 7-day old actinomycete culture, scrapped from the ISP2 agar
surface. The preculture was grown in an incubator shaker at 28°C for 7 days with constant
shaking at 200 rpm. After 7-day, the pre-culture was inoculated into 50 ml fermentation
broths in 125 ml Erlenmeyer flasks, using 5% inoculum size. The inoculated broths were
fermented at 28°C (except for the fermentation at 37°C) with constant shaking at 200 rpm
for 7 days. Secondary metabolites were extracted from the spent broths using an equal
volume of ethyl acetate, twice. The resulted organic extracts were dried in vacuo and
stored at 4°C until further analysis. Meanwhile, the CFBs were collected by centrifugation
at 4,000 rpm for 10 minutes and filter-sterilized through 0.2 um filter.

4.2.3. Antimicrobial screening of the CFBs from OSMAC fermentation

Antimicrobial activity of the CFBs was evaluated using agar well diffusion assay
(AwDA) against E. coli NBRC 3301, P. aeruginosa NBRC 12689, S. aureus NBRC
12732, B. subtilis NBRC 3134, S. cerevisiae ATCC 9763, and A. niger NBRC 4066. The
method for the AWDA was as described in Chapter 2 (Section 2.2.8). The data collected
were analysed using one-way ANOVA to compare the level of significance of
antimicrobial activities between the samples in SPSS version 15. The antimicrobial

activity was considered as significant if the p-value was lower than 0.05 (p < 0.05).

4.2.4. Antimicrobial screening of crude extracts

Antimicrobial screening of the crude extracts was evaluated using the microtiter plate
(MTP) assay with 96-well plate format. The test strains were similar to the AwDA for
CFB, with the addition of a yeast strain, Candida albicans. Standardised cells suspension
of bacteria, at 2.0 x 10° cells/ml prepared in MHB medium, and yeast at 2.0 x 10° cells/ml
prepared in SDB medium, was prepared from an overnight culture at 37°C and 30°C,
respectively. A standardised spore suspension of A. niger (2.0 x 10° spores/ml) was
prepared from a stock spore suspension kept at 4°C. Twenty ml of the dried crude extracts
in 15-ml centrifuge tubes were reconstituted in 10 ml of methanol. Then 300 pl of each

extract was transferred into the 96-well plates and air-dried under a fume hood. For the
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antimicrobial assay, 5 pl of DMSO was added to dissolve the extract in each well,
followed by the addition of 70 pl of sterile broth (MHB for bacteria, SDB for yeast/fungi).
Finally, 75 uL of broth containing the standardized suspension of bacteria or yeast/fungi
was added to each well for a final volume of 150 pl cells/crude extract mixture, where
the concentration of the crude extracts tested was at 4-fold of its original concentration,
while the DMSO concentration initially used to dissolve the extract was reduced to 3.33%

final concentration.

The antibiotics chloramphenicol (CP100, 100 ppm for Gram-positive bacteria; CP400,
400 ppm for Gram-negative bacteria), nystatin (NYS100, 100 ppm for S. cerevisiae and
A. niger), and miconazole (MCZ100, 100 ppm for C. albicans) served as positive
controls. Wells containing standardised cells/spores suspension only served as the growth
controls. To test the effect of DMSO, wells containing cells/spores suspension with 3.33%
DMSO served as the vehicle control. These wells also contain air-dried methanol. The
MTP assay for each test strain was carried out in triplicate. Initial optical density (I0D)
was measured at 600 nm wavelength using 96-well plate reader. The plates were
incubated at 37°C for 24 hours (bacteria) and 30°C for 48 hours (yeast/fungi) before the
final OD (FOD) reading was measured at 600 nm. The level of inhibition of tests strains
by the crude extracts was measured based on the differences in optical density (OD)
reading before and after incubation (FOD — IOD), as compared to the growth control,

calculated as follow;

Growth inhibition or reduction (%) =[C-T]/C x 100

Where;
C =FOD — 10D value of the growth control
T =FOD —IOD value of the test sample

The data collected were analysed using one-way ANOVA to compare the level of
significance of antimicrobial activities between the crude extracts in SPSS version 15.
The antimicrobial activity was considered as significant if the p-value was lower than

0.05 (p < 0.05).
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4.2.5. Comparative secondary metabolites profiling of crude extracts using HPLC

Ten ml of dried crude extracts were dissolved in 1 ml of 100% HPLC-grade methanol,
filtered through 0.2 um regenerated cellulose filter into HPLC vials and subjected to
HPLC analysis on a reverse-phase Analytical HPLC Agilent 1100 system. The method
for the HPLC profiling was as described in Chapter 2 (Section 2.2.10). The HPLC data

was used for qualitative analysis of secondary metabolites present in the crude extracts.

4.2.6. Production of antimicrobial compounds in 2 litre fermentation

Plantactinospora sp. KBS50 was fermented in 2 litre ISP2 broth for the production of
secondary metabolite compounds with antibacterial activity against the Gram-positive
test strains. Pre-cultures were prepared by scraping 7-day old cultures on ISP2 agar,
inoculated into 50 ml ISP2 broth in 125-ml Erlenmeyer flasks, and incubated at 28°C for
7 days, with constant shaking at 200 rpm. The ISP2 fermentation broth was prepared in 4
separate flasks of 2-liter volume, each containing 500 ml of the broth. Each flask was
inoculated with 5% pre-culture and fermented at 28°C for 7 days with constant shaking
at 200 rpm. Secondary metabolites from the fermentation broth were extracted using an
equal volume of ethyl acetate. After the addition of solvent, the mixture was shaken at
200 rpm for an hour. The organic layer was separated using a separatory funnel. The
aqueous layer was extracted again twice, using an equal volume of ethyl acetate. The
organic extracts from 3 times extraction steps were pooled together and transferred into a
round-bottom flask. The extract was concentrated to dryness using rotary evaporator
while being heated at 45°C on a water bath. Dried crude extract on the wall of the flask
was reconstituted using the minimum amount of 100% HPLC-grade methanol and
transferred into several pre-weighted glass vials. The crude extract was dried in vacuo
and its dried weight was recorded. Antimicrobial activity of the crude extract (2.5 mg/ml)
against B. subtilis and S. aureus was confirmed using the AWDA. The assay was carried

out in triplicates.
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4.2.7. Bioassay-guided fractionation and purification of the antimicrobial

compounds

Approximately 170 mg of the crude extract was reconstituted in 2 ml 100% HPLC-grade
methanol and filtered through 0.2 um regenerated cellulose filter into an HPLC vial. The
crude extract was analysed using Agilent 1200 series semi-preparative HPLC instrument
equipped with DAD (G1315D, Agilent). The DAD was set to measure UV spectrum at
200, 210, 230, 254, 273, 330, 400 and 600 nm. Aliquots of 50 ul were injected into the
HPLC column (9.4 x 250 mm, 5 um, Agilent Eclipse XDB-C18) held at a temperature of
35°C, and eluted at a flow rate of 4.0 ml/minute for 25 minutes runtime per sample.
Solvents and conditions used were as follows: 0-15 minute, 10% acetonitrile and 10%
water; 15-25 minute, 100% acetonitrile. The crude extract was subsequently fractionated
into 10 fractions using a time-based fraction collection of 2.5 minutes/fraction. Multiple
rounds of fractionation were carried out from 100 pl injection volume of the crude extract
solution, under the same HPLC conditions. The collected fractions from the same
retention time were pooled together and dried in vacuo. The antimicrobial activity of these
fractions at 1 mg/ml concentration was evaluated against B. subtilis and S. aureus using
the AwWDA. The fraction with antimicrobial activity was further fractionated using the
semi-preparative HPLC for purification of the single peaks. The purified compounds were
analysed on a reverse-phase Analytical HPLC Agilent 1100 system. The antimicrobial
activity of the compounds at 1 mg/ml concentration was evaluated using the AwDA

against S. aureus, as the representative of the Gram-positive test strain.

4.2.8. Determination of the MIC of semi-pure compounds

The MIC of semi-pure compounds against S. aureus was determined using the broth
microdilution method adapted from Andrews (2001). The wells in 96-well plate were
seeded with 75 pl of standardised cells suspension of S. aureus (2.0 X 10° cells/ml),
prepared in double-strength MH broth. The stock solutions of semi-pure compounds (100
mg/ml) were prepared in 100% DMSO, diluted to 1 mg/ml concentration using sterile RO
water followed by two-fold dilutions for 12-point concentrations. From each dilution
point, 75 pul of the semi-pure compound solution was transferred into the inoculated well,
for a final assay volume of 150 pl per well. The antibiotics chloramphenicol served as the

positive control. Wells containing standardised cells suspension only served as the growth
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controls. Other growth controls include wells containing 0.75% DMSO and 1.5% DMSO.
The highest DMSO concentration for compound dilution was 1.5%. The wells containing
growth medium only served as the negative control. The MIC assay was carried out in
triplicate. Initial optical density (IOD) was measured at 600 nm wavelength using 96-well
plate reader. The plates were incubated at 37°C for 24 hours before the final OD (FOD)
reading was measured at 600 nm. The level of inhibition of test strain was measured based
on the differences in optical density (OD) reading before and after incubation (FOD —
IOD). The MIC was determined as the lowest concentration of the compound in which

no visible growth was detected (Andrews 2001).

4.2.9. Determination of the MBC of the semi-pure compounds

The MBC of the semi-pure compounds was determined to estimate the bactericidal
activity of the compounds. From the broth microdilution plates for the MIC test, 100 pl
culture broth from the well of the MIC value and from 5 wells above the MIC value was
pipetted out and inoculated onto MH agar plates. This experiment was carried out for all
the three replicates. The number of bacterial colonies (CFU) on the MH agar was counted
after 24 hours of incubation at 37°C. The MBC is the least concentration of antibacterial
compound that can kill over 99.9% of the test strain (Balouiri et al. 2016; French 2006).
In this experiment, the concentration of the bioactive compound that resulted in less than

five colonies (CFU) on the MH agar plates was set as the MBC (Chawawisit et al. 2015).
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4.3. Results

4.3.1. Antimicrobial activity of the CFBs from OSMAC fermentation

The antimicrobial screening of the CFBs using the AWDA recorded broad spectrum
antimicrobial activity against the Gram-positive and Gram-negative bacteria, as well as
yeast (Table 4.2). The antimicrobial activities were analysed using one-way ANOVA to
compare the level of inhibition among the CFBs. The inhibition level was also compared
with the basal medium, ISP2, to determine whether there was any significant difference
in antimicrobial activity of the CFBs from OSMAC fermentation approach. The
inhibition of test strains by the CFBs on AwWDA are as shown in Figure 4.1. No inhibition
of the test strains was recorded for all CFBs collected from the non-inoculated media

(data not shown).

All CFBs tested exhibited antimicrobial activity against B. subtilis. Based on the one-way
ANOVA, there was a significant difference in the inhibition of B. subtilis by the CFBs
(F(16,34)=67.472, p =0.000). The strongest inhibition was recorded for the CFB of ISP2
pH 9 medium with the mean diameter of inhibition zone of 16.33+0.33 mm, whereas the
weakest inhibition was recorded for the CFB of ISP2 + NaCl 1.5% medium, at 9.67+0.33
mm mean diameter of inhibition zone (Figure 4.2). The antimicrobial activity of the CFB
of ISP2 pH 9 and '4 ISP2 medium was significantly stronger than the CFB of ISP2 basal
medium (p < 0.05). Meanwhile, there was no significant difference in the inhibition of B.
subtilis resulted from the CFB of ISP2 + AN filtrate, 2 ISP2 + GIcNAc 25 mM, ISP2 +
BS cells, ISP2 + PPB 5 mM, ISP2 + EC cells, ISP2 + GB filtrate, and ISP2 + DMSO 3%
medium, as compared to the CFB of the basal medium, ISP2 (p > 0.05). Other CFBs
showed significantly weaker antimicrobial activity against the test strain, as compared to

the CFB of ISP2 medium (p < 0.05).

S. aureus was inhibited by all of the CFBs tested on the AwWDA. Based on the one-way
ANOVA, there was a significant difference in the inhibition of S. aureus by the CFBs
(F(16,34) =55.264, p =0.000). The strongest inhibition was recorded for the CFB of ISP2
pH 9 medium whereas the weakest inhibition was recorded for the CFB of ISP2 37°C, at
16.67 £ 0.33 mm and 9.33 + 0.33 mm diameter of inhibition zone, respectively (Figure
4.3). No CFBs tested had significantly stronger inhibition as compared to the CFB of ISP2
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medium (p > 0.05). Meanwhile, the CFB of ISP2 + NaCl 1.5% and other CFBs with 14.33
+ 0.33 mm and smaller mean diameter of inhibition zone, showed significantly weaker

antimicrobial activity as compared to the CFB of ISP2 medium (p < 0.05).

The CFBs also exhibited antimicrobial activity against P. aeruginosa, whereby 5 CFBs
were recorded to inhibit the test strain on AWDA (Figure 4.4). These CFBs include ISP2
+ NaCl 1%, ISP2 + NaCl 1.5%, ISP2 + PPB 30 mM, ISP2 37°C, and ISP2/GYM. Based
on the one-way ANOVA, there was a significant difference in the inhibition of P. aureus
by the CFBs (F(16,34) = 1915.625, p = 0.000). The strongest inhibition was recorded
from the CFB of ISP2 37°C (12.00 = 0.00 mm), followed by the CFB of ISP2/GYM
(11.33+0.33 mm). The antimicrobial activity between these two CFBs was significantly
different (p < 0.05). Meanwhile, the one-way ANOV A showed no significant difference
in the antimicrobial activity between the CFB of ISP2 + NaCl 1%, ISP2 + NaCl 1.5%,
and ISP2 + PPB 30 mM medium. The CFB of the basal medium, ISP2, did not exhibit
any antimicrobial activity against P. aeruginosa. No antimicrobial activity of the CFBs

was recorded against another Gram-negative test strain, E. coli.

Only one CFB, which is ISP2 + Sc 50 uM, exhibited antimicrobial activity against the
yeast strain, S. cerevisiae, as indicated by the inhibition zone around the well, at 10.00 +
0.00 mm (Figure 4.1). Although no clear zone of inhibition against A. niger was recorded,
possibly weak inhibitory activity was observed for the CFB of the ISP2/GYM medium.
The mycelial growth of the fungal around the well inoculated with the CFB appeared to
be stunted, whereby similar observation was recorded from all the 3 replicates (Figure

4.1).
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Table 4.2: The inhibition zone recorded on the AwDA from the screening of the CFBs of Plantactinospora sp. KBS50.

No. Sample (CFB) Inhibition zone (mm) + SEM

B. subtilis S. aureus E. coli P. aeruginosa A. niger S. cerevisiae
1 ISP2 14.67 £0.33 15.67 £0.33 - - - -
2 ISP2+NaCl 1% 11.00 = 0.00 14.67 £0.33 - 9.67 £0.33 - -
3 ISP2+NaCl 1.5% 9.67 +0.33 14.33 £0.33 - 10.00 £0.00 - -
4 ISP2+DMSO 3% 15.67 £0.33 15.00 £0.00 - - - -
5 ISP2+Sc 25 uM 13.00 £ 0.00 16.00 £0.00 - - - -
6 ISP2+Sc 50 uM 13.00 £ 0.00 16.00 £ 0.00 - - - 10.00 £0.00
7 ISP2+BS cells 14.67 £0.33 14.00 £ 0.00 - - - -
8 ISP2+EC cells 15.00 £0.00 15.33 £0.33 - - - -
9 ISP2+AN filtrate 13.67 £0.33 12.67 £0.33 - - - -
10 ISP2+GB filtrate 15.00 £0.00 15.00 £0.00 - - - -
11 ISP2+PPB 5 mM 14.67 £0.33 16.33 £0.33 - - - -
12 ISP2+PPB 30 mM 11.00 £0.00 16.00 £ 0.00 - 10.00 £0.00 - -
13 ISP2 37°C 10.67 +£0.33 9.33+0.33 - 12.00 £0.00 - -
14 ISP2 pH9 16.33 £0.33 16.67 £0.33 - - - -
15 1/2 ISP2 16.00 = 0.00 16.00 = 0.00 - - - -
16 1/2 ISP2+GIlcNAc 25 mM 13.67 £0.33 13.00 £ 0.00 - - - -
17 ISP2/GYM 13.00 £0.00 15.67 £0.33 - 11.33 £0.33 - -
18 CP100 21.67 £0.33 17.67 £0.33 NT NT NT NT
19 CP400 NT NT 20.00 £0.00 20.00 +0.00 NT NT
20 NYS100 NT NT NT NT 25.00 £0.00 30.67 £0.67

NT = Not tested (NT); - = no inhibition zone recorded; CP100 = chloramphenicol, 100 ppm; CP400 = chloramphenicol, 400 ppm; NYS100

= nystatin, 100 ppm.
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Figure 4.1: The inhibition of test strains by the CFBs of KBS50 in the AwDA. Strong
antimicrobial activities were recorded against B. subtilis (A) and S. aureus (B) as
indicated by the clear zone of inhibition. Weak inhibition against P. aeruginosa was
recorded for a number of CFBs (C & D). Possibly weak antifungal activity against A. niger
was observed for the CFB of the ISP2/GYM medium, although no clear zone of inhibition
was recorded (E). Weak antimicrobial activity against S. cerevisiae was recorded, as

indicated by the small zone of inhibition on the AwDA (F).
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Figure 4.2: Growth inhibition of B. subtilis resulted by the CFBs of KBS50 in the AwWDA.
*Significantly stronger inhibition as compared to the CFB of ISP2 medium (p < 0.05).

**No significant difference in growth inhibition as compared to the CFB of ISP2 medium

(o > 0.05).
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Figure 4.3: Growth inhibition of S. aureus resulted by the CFBs of KBS50 in the AwWDA.
*No significant difference in growth inhibition as compared to the CFB of ISP2 medium
(p >0.05).
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Figure 4.4: Growth inhibition of P. aeruginosa resulted by the CFBs of KBS50 in the
AwDA. No inhibition was recorded for the CFB of the ISP2 medium.
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4.3.2. Antimicrobial activity of the crude extracts

The secondary metabolites from the fermentation broths were extracted using ethyl
acetate and the resulted crude extracts were screened for antimicrobial activity using the
MTP assay. The minimum growth reduction of 50% and 80% in comparison to the growth
control was set as the threshold for the crude extracts to be considered as exhibiting weak
or strong antimicrobial activity, respectively. The antimicrobial activities were analysed
using one-way ANOVA to compare the level of antimicrobial activity among the crude
extracts, as well as to determine whether there was any significant difference in the

antimicrobial activity of other crude extracts as compared to the basal medium, [SP2.

Overall, broad spectrum antimicrobial activities were recorded against Gram-positive and
Gram-negative bacteria, fungi and yeast test strains (Table 4.3). The crude extract of ISP2
exhibited strong antimicrobial activity against B. subtilis, S. aureus and A. niger, and
weak antimicrobial activity against C. albicans. Interestingly, the inhibition of 4. niger
by the ISP2 crude extract was recorded on the MTP assay, but not on AwDA as tested
previously. This shows that the MTP assay was more sensitive for the detection of
antimicrobial activity against the fungal test strain. Fermentation of KBS50 in ISP2 broth
supplemented with the elicitors, as well as pH 9, had resulted in an increased in
antimicrobial activities, especially against E. coli, P. aeruginosa and C. albicans.
However, no antimicrobial activity was recorded against S. cerevisiae for all crude
extracts tested. The increases in antimicrobial activity indicate that there was an increase
in antibiotics production when the actinomycete strain was cultivated in these
fermentation media, as compared to the basal medium, ISP2. Screening of crude extracts
from the non-inoculated media showed no growth inhibition on all test strains (data not
shown). A similar observation was recorded for the DMSO and methanol growth controls,
indicating that the growth of these test strains was not affected by the DMSO or dried

methanol that was used to reconstitute the crude extracts.

Page | 105



Table 4.3: MTP assay results from the screening of the crude extracts of Plantactinospora sp. KBS50.

No. Extract Growth inhibition (%) £+ SEM
B. subtilis S. aureus E. coli P. aeruginosa A. niger S. cerevisiae  C. albicans
1 ISP2 96.62+1.44 96.71 £0.38 36.03+0.51 29.86 + 1.55 99.95+0.54 -1837+13.06 52.54+5.32
2 ISP2+NaCl 1% 93.72+0.21 9631 £0.11 53.13+0.64 47.02 £0.96 27.56+1.74 -5426+13.66 2.99+£2.88
3 ISP2+NaCl 1.5% 87.23+£045 7580+0.85 53.32+0.04 36.55+2.87 -30.73£28.64 -5492+14.71 2.05+1.82
4  ISP2+DMSO 3% 97.66 £0.65 9557124 51.92+1.61 54.79 £1.63 84.69 £6.56 -28.89+14.62 90.11+£0.85
5 ISP2+Sc 25 uM 102.54+£0.11 95.19+044 46.17 £3.42 12.31+0.34 76.64 £12.29 -64.27+2391 8498+3.84
6  ISP2+Sc 50 uM 103.13+£1.94 94.30+0.28 52.32+1.08 53.61 £0.42 88.58 £6.49 -61.69+19.26 89.56 +0.69
7  ISP2+BS cells 96.06 £0.07 90.94+0.11 47.03+0.89 52.57+2.27 96.25+3.17 -44.18+25.01 89.88+1.93
8  ISP2+EC cells 91.99+0.85 92.82+045 40.68+0.48 54.26 £0.31 101.05£0.15 -42.30=+21.15 73.41£2.55
9  ISP2+AN filtrate 99.17+0.08 98.11+043 38.72+0.17 63.22 £ 0.85 88.16 £1.73 -1.26 £7.55 36.39 £4.60
10  ISP2+GB filtrate 92.25+0.53 9576 +£0.43 58.92+0.98 65.02 +4.24 98.78+£0.76 -14.85+13.64 90.76 +4.95
11  ISP2+PPB 5 mM 91.20+0.55 93.73+£0.19 52.32+1.77 57.12 £0.68 82.15+7.57 -43.16+23.60 90.27+3.77
12 ISP2+PPB 30 mM 101.79£0.14 99.02 +0.24 52.58 £0.23 38.89 +£1.92 48.17£6.57 -67.46+1.83 -16.04+7.29
13 ISP237°C 9427 +0.67 54.74+137 54.55+0.37 8.07+1.70 23.19+533 -4143+1.58 -11.55+3.28
14 ISP2pH9 88.86 £0.84 91.53+0.14 63.78 £0.62 51.25+£0.87 96.29 £0.75 -29.78+13.94 95.78 +£3.36
15 1/21SP2 93.86 £0.70 96.46+0.80 54.63 £4.67 44.58 +0.22 93.83 £0.51 -59.20£6.37 92.08 +3.58
16 1/2 ISP2+GIcNAc 25 mM  88.98 £0.22 9496 +0.53 61.56+1.51 34.49 +2.47 5646 +£5.76  -7431+4.63 68.80+2.79
17 ISP2/GYM 98.76 £+ 033 98.26+121 61.22+1.73 20.15+3.19 67.25+1.32 -2690+2.66 22.80+1.82
18 CP100 81.96 £3.43 78.44+1.49 NT NT NT NT NT
19  CP400 NT NT 99.13 +£0.66 98.68 0.67 NT NT NT
20  NYSI100 NT NT NT NT 100.98 £ 1.25 104.12+0.65 NT
21 MCZ100 NT NT NT NT NT NT 103.04 £ 0.44

NT = Not tested; CP100 = chloramphenicol, 100 ppm; CP400 = chloramphenicol, 400 ppm; NYS100 = nystatin, 100 ppm; MCZ100 =

miconazol, 100 ppm.
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All crude extracts tested showed strong antimicrobial activity against B. subtilis, which
resulted in over 80% growth reduction of the test strain (Figure 4.5). Based on the one-
way ANOVA, there was a significant difference in the inhibition of B. subtilis by the
crude extracts (F(16,34) =41.612, p = 0.000). The strongest inhibition was recorded for
the crude extract of ISP2 supplemented with 50 uM scandium chloride (103.13 + 1.94%).
The antimicrobial activity was significantly stronger as compared to the crude extract of
the basal medium (p < 0.05). Meanwhile, the crude extract from ISP2 medium
supplemented with 1.5% NaCl resulted in the lowest growth reduction of 87.23+0.45%,
which was significantly lower compared to ISP2 (p < 0.05).

ISP2 +Sc 50 uM 7 103.13 Henl
ISP2 +Sc 25 uM 7 102.54 A *
ISP2 +PPB 30 mM % 101.79 i |

ISP2 + AN filtrate % 99.17 AT

ISP2/GYM £ 98.76 g
ISP2 + DMSO 3% = 97.66
ISP2 £ 96.62 EH
ISP2 + BS cells 7 96.06
ISP2 37°C :94.27
1/2 ISP2 7 93.86

i |
H
H
ISP2 + NaCl 1% 7 93.72 % N —
A
“H
H

* %

Crude extract

ISP2+ GB 792.25
ISP2 +EC Z91.99
ISP2+PPB5mM Z91.20

1/2 ISP2 + GlcNAc 25 mM 7 88.98 i
ISP2pH9 < 88.86 M

ISP2 + NaCl 1.5% : 87.23 i

CP100 < 81.96 el

0.00 20.00 40.00 60.00 80.00  100.00 120.00
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Figure 4.5: Growth inhibition of B. subtilis resulted by the crude extracts of KBS50 in the
MTP assay. *Significantly stronger inhibition as compared to ISP2 extract (p < 0.05).
**No significant difference in growth inhibition as compared to ISP2 extract (p > 0.05).
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Fifteen crude extracts showed strong antimicrobial activity against S. aureus which
resulted in over 90% growth inhibition (Figure 4.6). Based on the one-way ANOVA,
there was a significant difference in the inhibition of S. aureus by the crude extracts
(F(16,34) = 262.429, p = 0.000). Five extracts exhibited significantly weaker
antimicrobial activity against S. aureus as compared to the basal medium (p < 0.05).
These extracts include ISP2 + EC cells (92.82 + 0.45%), ISP2 pH 9 (91.53 + 0.14%),
ISP2 + BS cells (90.94 £ 0.11), ISP2 + NaCl 1.5% (75.80 £+ 0.85%) and ISP2 37°C (54.74
+ 1.37%). Meanwhile, the antimicrobial activity of other crude extracts against S. aureus
did not show any significant difference as compared to the antimicrobial activity of the

crude extract of ISP2 medium (p > 0.05).
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Figure 4.6: Growth inhibition of S. aureus resulted by the crude extracts of KBS50 in the
MTP assay. *No significant difference in growth inhibition as compared to ISP2 extract
(p > 0.05).
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The antimicrobial activity of KBS50 crude extracts against the Gram-negative test strains

also increased significantly as compared to the crude extract of ISP2 medium (Figure 4.7

and 4.8). Based on the one-way ANOVA, there was a significant difference in the
inhibition of £. coli (F(16,34) =21.682, p=0.000) and P. aeruginosa (F(16,34) = 78.686,

p = 0.000). However, these extracts only exhibited weak antimicrobial activities against

these Gram-negative bacteria, as indicated by the growth reduction lower than 80%. The

strongest inhibition recorded against E. coli resulted from the crude extract of ISP2 pH 9

(63.78 £ 0.62%), while the strongest inhibition recorded against P. aeruginosa resulted

from the crude extract of ISP2 supplemented with the culture filtrate of G. boninense

(65.02 £4.24%). Both results were significantly stronger as compared to the inhibition of
ISP2 extract (p < 0.05).
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Figure 4.7: Growth inhibition of E. coli resulted by the crude extracts of KBS50 in the

MTP assay. *Significantly stronger inhibition as compared to ISP2 extract (p < 0.05).

**No significant difference in growth inhibition as compared to ISP2 extract (p > 0.05).
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Figure 4.8: Growth inhibition of P. aeruginosa resulted by the crude extracts of KBS50
in the MTP assay. *Significantly stronger inhibition as compared to ISP2 extract (p <
0.05). **No significant difference in growth inhibition as compared to ISP2 extract (p >
0.05).

Ten extracts, including ISP2, exhibited strong antifungal activity against 4. niger, where
the growth reduction of the test strain was recorded at more than 80% (Figure 4.9). Based
on the one-way ANOVA, there was a significant difference in the inhibition of A. niger
(F(16,34)=17.617, p=0.000). Four extracts did not exhibit any antifungal activity, where
the growth reduction was lower than 50% and significantly different as compared to ISP2
(p <0.05). These extracts include ISP2 + NaCl 1.5%, ISP2 37°C, ISP2 + NaCl 1%, and
ISP2 + PPB 30 mM. Only ISP2 medium supplemented with E. coli cells exhibit stronger
antifungal activity as compared to ISP2 medium, however, there was no significant
difference in growth inhibition between the two crude extracts (p < 0.05). Other crude
extracts also showed no significant difference in inhibition as compared to ISP2 extract

(p < 0.05).
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Figure 4.9: Growth inhibition of A. niger resulted by the crude extracts of KBS50 in the
MTP assay. *No significant difference in growth inhibition as compared to ISP2 extract
(p > 0.05). Growth inhibition resulted from the crude extract of ISP2 + NaCl 1.5% was
represented as 0.00% in the bar chart due to the negative value (-30.73 + 28.64%).

Strong antimicrobial activity against the yeast strain, C. albicans, was recorded, where 8
crude extracts resulted in over 80% growth reduction of the test strain (Figure 4.10). The
inhibitions were significantly stronger compared to the ISP2 extract (p < 0.05). The
highest inhibition was recorded from the crude extract of ISP2 pH 9, with 95.78 + 3.36%
growth inhibition. Meanwhile, the crude extract of ISP2 supplemented with E. coli cells
resulted in weaker antimicrobial activity (73.41 + 2.55% growth reduction) against C.
albicans, but still significantly higher than the antimicrobial activity of ISP2 crude extract
(p < 0.05). There was no significant difference in growth reduction resulted from the

crude extract of ISP2 and 2 ISP2 medium supplemented with 25 mM GIcNAc.
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Figure 4.10: Growth inhibition of C. albicans resulted by the crude extracts of KBS50 in
the MTP assay. *Significantly stronger inhibition as compared to ISP2 extract (p < 0.05).
**No significant difference in growth inhibition as compared to ISP2 extract (p > 0.05).
Growth inhibition resulted from the crude extract of ISP2 37°C (-11.55 £ 3.28%) and ISP2
+ PPB 30 mM (-16.04 + 7.29%) were represented as 0.00% in the bar chart due to the

negative values.

Both antimicrobial screenings using the CFBs and crude extracts showed an enhanced
detection of antimicrobial activity against the test strains. The biological and chemical
elicitors that were incorporated into the fermentation broths had significantly increased
the antimicrobial activity, especially against the yeast (C. albicans) and the Gram-
negative test strains (E. coli and P. aeruginosa). Whereas the higher pH (ISP2 pH 9)
significantly increases the antimicrobial activity against E. coli, the growth inhibition of
P. aeruginosa was significantly affected by the crude extracts of ISP2 supplemented with

the culture filtrate of G. boninense (ISP2+GB filtrate). The opposite effect of E. coli cells
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and the culture filtrate of 4. niger toward the antimicrobial activity against both Gram-
negative strain was also recorded. While these biological elicitors significantly increase
the antimicrobial activity against P. aeruginosa, they did not result in any significant
difference in growth inhibition of . coli, as compared to the extract of the basal medium,
ISP2. A similar observation was recorded for the antimicrobial activity of the crude
extract of ISP2 medium supplemented with 25 pM scandium chloride (ISP2+Sc 25 uM)
and ISP2 cultivated at 37°C. Both extracts exhibited significantly lower antimicrobial
activity against P. aeruginosa, whereas no significant difference was recorded for the

antimicrobial activity of these extracts against E. coli, as compared to the basal medium.

Meanwhile, incubation temperature of 37°C and addition of NaCl (1% and 1.5%) had
significantly reduced the antifungal activity against 4. niger, as compared to the basal
medium. Interestingly, the addition of NaCl (1 and 1.5%) in the fermentation medium and
the incubation temperature of 37°C also had a similar effect on the antimicrobial activity
against C. albicans, where no antimicrobial activity was recorded from the crude extracts
of these media. A lower concentration of phosphate buffer in the fermentation medium
had a positive effect towards the antifungal activity as opposed to a higher concentration
of phosphate buffer. At a 5 mM concentration (ISP2+PPB 5 mM), the growth of A. niger
was reduced by over 80%, while at 30 mM concentration (ISP2+5PPB 30 mM) the growth
inhibition was lower than 50%. A similar observation was recorded for the growth
inhibition of C. albicans, where a higher concentration of phosphate buffer in the
fermentation medium (ISP2 + PPB 30 mM) had a negative effect on the antimicrobial

activity.

4.3.3. Comparative secondary metabolites profiling of the crude extracts

Changes in secondary metabolites profile as a result of the OSMAC fermentation
approach was evaluated qualitatively by comparative analysis of the HPLC
chromatograms. The analysis revealed that the OSMAC approach had generally enhanced
the detection of secondary metabolites by the actinomycete, as compared to the basal
medium, ISP2. At least four main compounds were detected from the extract of ISP2
medium (Figure 4.11). The production of these metabolites appeared to be affected by the
elicitors and the cultivation conditions. The yields of the metabolites were estimated

based on the peaks heights measured as the UV absorbance value (mAU). In addition to
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the main peaks detected from the basal medium, 9 unique peaks were detected from the
crude extracts of ISP2 medium supplemented with 1% NaCl, and with the culture filtrate
of A. niger. A total of 13 unique peaks or secondary metabolites were detected from the

OSMAC fermentation approach, including those from the extract of ISP2 (Table 4.4).

An incubation temperature of 37°C and the medium with the pH adjusted to pH 9
increases the production of compound 1 and 2, respectively, while the addition of 3%
DMSO in the fermentation medium increases the production of compound 3 and 4 (Table
4.4). However, there was no additional peak detected from the crude extracts of these
media. The addition of 1% NaCl in the ISP2 medium stimulated the production of 3 new
metabolites (Figure 4.11 and 4.12). Compound 5 and 6 were only detected from the
extracts of ISP2 medium supplemented with 1% and 1.5% NaCl, while compound 7 was
also detected from the extracts of ISP2 medium supplemented with 5 mM phosphate
buffer, and with the culture filtrate of A. niger. The highest number of potentially new
metabolites were detected from the extract of ISP2 medium supplemented with the culture

filtrate of 4. niger, whereby 6 unique peaks were detected (Figure 4.13).

In contrast, the addition of elicitors also had an inhibitory effect on secondary metabolites
production by KBS50 (Figure 4.14). Fermentation in ISP2 medium supplemented with
30 mM phosphate buffer and NaCl (1% and 1.5%) had negatively affected the production
of compound 1, 3 and 4. A similar effect was observed for the fermentation media
supplemented with the culture filtrate of G. boninense, and the incubation temperature at
37°C, where the production of compound 3 and 4 were negatively affected. The
fermentation medium ISP2/GYM also showed a significant reduction in secondary
metabolites production, as compared to the basal medium ISP2. Other fermentation media
including the half-strength ISP2 ('%2 ISP2), 2 ISP2+GIcNAc 25 mM, ISP2+BS cells,
ISP2+EC cells, and ISP2+Sc 50 uM did not have any significant effect on secondary
metabolites production, as compared to the basal medium. The UV profiles of unique

peaks detected are shown in Figure 4.15.
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Table 4.4: List of unique secondary metabolite compounds detected from the crude

extracts of KBS50 from the OSMAC fermentation approach.

Peak  Retention Peak heightin  Highest peak Highest peak Maximum
time ISP2 extract detected detected UV signal
(minute) [mAU] (mAU) (extract) (nm)
1 3.833 522.10 765.76 ISP2 37°C 200
2 6.217 68.54 176.81 ISP2 pH 9 273
ISP2+DMSO
3 7.735 585.70 1820.21 273
3%
ISP2+DMSO
4 7.866 421.98 1013.77 273
3%
5 7.359 - 22.81 ISP2+NaCl 1% 200
ISP2+NaCl
6 5.205 - 99.88 273
1.5%
ISP2+PPB 5
7 4.665 - 41.11 400
mM
8 7.102 - 80.57 ISP2+AN filtrate 200
9 7.270 - 75.67 ISP2+AN filtrate 200
10 9.046 - 152.98 ISP2+AN filtrate 200
11 10.015 - 122.28 ISP2+AN filtrate 200
12 10.288 - 128.82 ISP2+AN filtrate 200
13 10.829 - 92.99 ISP2+AN filtrate 200
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Figure 4.15: The UV profiles of unique peaks (compound 1-13) detected from the crude
extract of the OSMAC fermentation media of KBS50.
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4.3.4. Production of the antimicrobial compounds in 2 litre fermentation

The secondary metabolites were produced through fermentation in a 2 litre volume of the
basal medium, ISP2. Extraction of secondary metabolites was carried out using ethyl
acetate, which resulted in 190 mg of crude extract weight. Antimicrobial activity of the
crude extract at 2.5 mg/ml concentration against B. subtilis and S. aureus was confirmed
using the AwDA, with the mean diameter of inhibition zone recorded at 12.33 + 0.33 mm

and 8.00 £ 0.00 mm, respectively.

4.3.5. Bioassay-guided fractionation and purification of the antimicrobial

compounds

Approximately 170 mg of the ethyl acetate crude extract was fractionated using the semi-
preparative HPLC into 10 different fractions (Figure 4.16). The fractionation scheme is
as shown in Figure 4.17. Fraction 3 to 10 were evaluated for antimicrobial activity against
B. subtilis and S. aureus using the AwDA. Fraction 5, 6, 7, 8, 9, and 10 showed
antimicrobial activity against B. subtilis, while only fraction 7 and 9 showed antimicrobial
activity against S. aureus (Table 4.5). Fraction 1 and 2 were not tested for antimicrobial

activity because HPLC analysis did not show the presence of any unique peak.

Table 4.5: Antimicrobial activity of the fractions in AWDA against Gram-positive test
strains.

Fraction Inhibition zone (mm) + SEM
B. subtilis S. aureus

3 - -

4 - -

5 10 £0.33 -

6 11.67 £0.33 -
7 15.33 +£0.33 20 +0.00

8 11.33 +0.33 -
9 14.67 £0.33 9+0.00

10 10 £0.00 -

Chloramphenicol (100 ppm)

21.33+0.33

21.00 £0.58
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The bioassay-guided fractionation showed that the ethyl acetate crude extract of KBS50
contains multiple compounds with antibacterial activity against the Gram-positive test
strains, as demonstrated by the antimicrobial activity detected from several different
fractions. The antimicrobial activities of fraction 5, 6, 8, and 10 were most likely
contributed by minor peak(s). The bioactive compound(s) in these fractions only affected
the growth of B. subtilis, which was presumably more susceptible towards the bioactive

compound(s) as compared to S. aureus.

Fraction 7 exhibited the highest antimicrobial activity against both test strains with the
mean diameter of inhibition of 15.33 + 0.33 mm and 20.00 + 0.33 mm for B. subtilis and
S. aureus, respectively. However, HPLC analysis showed that the potential antimicrobial
compound in this fraction might be present in very low quantity. The amount recovered
in fraction 7 was only 3.1 mg, which would be insufficient for further fractionation and
isolation of the antimicrobial compound. Meanwhile, fraction 9 contained two major
peaks (Figure 4.18) which were predicted to exhibit the antimicrobial activity against the
test strain. These two peaks, previously designated as compound 3 and compound 4
during the comparative HPLC analysis for the OSMAC fermentation approach, were
present only in the crude extract of the fermented medium but were not detected in the
crude extract of the non-inoculated broth. These two compounds were also produced in
high yield based on their high UV absorbance values (mAU). Approximately 43 mg of
fraction 9 was recovered from the crude extract, of which 30 mg was further fractionated

to purify the two peaks using the semi-prep HPLC.

Compound 3 and 4 were recovered as single peak compounds with the purity of 99.86%
and 93.24%, respectively, as determined from the analysis using the analytical HPLC
(Figure 4.19). The amount recovered was 1.9 mg of compound 3, and 3.1 mg of
compound 4. The antimicrobial activity of the compounds at 1 mg/ml concentration was
evaluated using AWDA against S. aureus, as the representative of the Gram-positive test
strain. The test was carried out in triplicates. Both compounds exhibited antimicrobial
activity against S. aureus, with the mean inhibition diameter of 12.00 + 0.00 mm and

13.00 + 0.00 mm for compound 3 and 4, respectively (Figure 4.20).
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Figure 4.16: HPLC profiles of the crude extract from 2 litre fermentation broth at UV detection at 200 nm (A) and 273 nm (B). HPLC profiling

was performed using the semi-preparative HPLC.
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KBS50 fermentation in 2 L ISP2 broth

Ethyl acetate extraction

Crude extract

1% fractionation

Fraction Fraction Fraction Fraction Fraction
1 3 5* 7** 9**

Fraction Fraction Fraction Fraction Fraction
2 4 6* 8* 10*

2" fractionation

*Fraction active against B. subtilis only.
**Fraction active against B. subtilis and S. aureus.

Compound Compound
3 4

Figure 4.17: Schematic representation for the bioassay-guided fractionation of bioactive
compounds from the ethyl acetate crude extract of KBS50.
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Figure 4.18: HPLC profile of fraction 9 showing two major peaks identified as
compounds 3 and 4. HPLC profiling of the fraction was performed on the semi-
preparative HPLC using the following solvent gradient: 0-8 minute, 10% acetonitrile and

90% water; 8-18 minute, 100% acetonitrile; 18-25 minute, 10% acetonitrile and 90%
water.
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Figure 4.19: HPLC profile of compound 3 (A) and compound 4 (B) at 273 nm UV
wavelength. Their UV profiles are shown next to the peak. HPLC profiling was performed
on the Analytical HPLC Agilent 1100 system with the injection volume of 30 pl and

compound concentration of 0.4 mg/ml.

Figure 4.20: Growth inhibition of S. aureus on the AWDA by compound 3 and compound
4. The positive control was 100 ppm chloramphenicol which produced 21.00 £ 0.58 mm
diameter of the clear zone.
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4.3.6. MIC and MBC of the bioactive compounds

The MIC of compound 3 and compound 4 against S. aureus was determined using the
broth microdilution method. The lowest concentration of the compound in which no
visible growth of S. aureus detected was set as the MIC value. Compound 3 showed the
lowest MIC of 7.81 £ 0.00 pg/ml which resulted in 100.41 £+ 0.39% growth inhibition,
while compound 4 showed higher MIC at 62.50 + 0.00 pg/ml that resulted in 100.88 +
0.23% growth inhibition (Table 4.6). The growth of the test strain on 96-well plates was
also confirmed by observation using the naked eyes, where no visible growth was
detected in the wells with the MIC values, as well as at a higher concentration of the
compound above the MIC value (Figure 4.21). As for the control (chloramphenicol), the
MIC against S. aureus was recorded at 3.91 &+ 0.00 ug/ml.

Table 4.6: The growth inhibition of S. aureus in the MIC test for compound 3 and 4.

No.  Concentration Growth inhibition (%) + SEM

(pg/ml) Compound 3 Compound 4 Chloramphenicol

1 500.00 96.66 + 0.60 96.97 = 1.54 NT

2 250.00 96.04 +0.35 99.24 +£0.26 NT

3 125.00 93.88 +£0.78 100.46 £ 0.45 98.65+0.28
4 62.50 97.63 +0.88 100.88 £ 0.23* 99.02 +£0.21
5 31.25 100.58 = 1.14 12.62 £ 13.76 99.35+0.10
6 15.63 100.42 +0.35 -10.31 £ 14.12 99.32 £ 0.05
7 7.81 100.41 + 0.39* -11.34 £ 14.94 98.90 £ 0.14
8 3.91 85.37 +£2.50 -7.21 £11.65 93.52 £ 0.04*
9 1.95 9.14 £10.44 -7.55+£12.56 59.04 + 0.60
10 0.98 -29.26 £ 8.74 -15.99 + 14.04 34.28 £0.79
11 0.49 -69.06 + 7.81 -43.28 £22.45 23.01 £0.18
12 0.24 -143.91 £ 24.04 -78.84 £ 10.77 8.24 £2.58

NT = Not tested. *The MIC value for the compounds and antibiotics.
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Figure 4.21: MTP assay for the determination of MIC of compound 3 and compound 4

against S. aureus.
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The MBC for compound 3 was 15.63 pg/ml while the MBC for compound 4 was 125.00
pg/ml. At these respective concentrations as well as at a higher concentration of the
compounds, no bacterial colony was detected on the MH agar plates after 24-h incubation
at 37°C. Meanwhile, the culture broth from the wells of the MIC value of compound 3
and compound 4 resulted in 366.67 = 66.67 CFUs and 67.00 £ 41.94 CFUs, respectively.
Compound 3 and 4 can be considered as bactericidal since its MBC did not exceed four
times the MIC (French 2006), where in this case the MBC was only two times of the MIC
for both compounds. Both of these compounds are potential drug candidate for anti-

infective against the Gram-positive bacteria.
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4.4. Discussion

The main objective of the study in this chapter was to enhance the antibiotics and
secondary metabolites detection from KBS50 using the OSMAC fermentation approach.
This approach was seen as a viable strategy as it has been used successfully to increase
secondary metabolites production in other actinomycetes as well as fungi (Bills et al.
2008; Bode et al. 2002; Hewage et al. 2014; Wang, QX et al. 2013). As stated by Bode et
al. (2002), the OSMAC approach is “a random approach” whereby the cultivation
parameters for a single strain can be altered in many possible ways that may lead to the
discovery of new secondary metabolites. In that sense, there could be hundreds of possible
growth conditions that can be manipulated to evaluate the antibiotics production from
KBS50 using the OSMAC approach. However, only a small number of growth conditions
were tested in this study to minimise the number of extracts to be screened. Although it
is unlikely that small changes in the cultivation parameters can trigger the production of
all the potential secondary metabolites from KBS50, the OSMAC fermentation strategy
used in this study resulted in an increased in antimicrobial activities against the Gram-
positive and Gram-negative bacteria, yeast and fungi. The secondary metabolites
detection from the crude extracts was also enhanced, as demonstrated by the comparative
HPLC analysis results. While current study did not mean to be a comprehensive screening
of many possible growth conditions for the fermentation of KBS50, future study may
include various combination of nutrient compositions, elicitors, and other cultivation
parameters which can be used to activate secondary metabolites production (Bode et al.

2002; Reen et al. 2015; Zhu et al. 2014).

Incubation temperature and pH of a growth medium are two parameters that can greatly
affect the growth of actinomycetes that consequently affect the antibiotics and secondary
metabolites production (Bundale et al. 2015; James et al. 1991; Ripa et al. 2009). A slight
increase in pH (pH 9) and incubation temperature (37°C) caused a significant shift in the
antimicrobial activity and secondary metabolites profiles of KBS50, as compared to the
control (ISP2 basal medium at pH 7.2 and incubation temperature of 28°C). Antimicrobial
activities against S. aureus, A. niger and C. albicans were reduced significantly by the
incubation temperature of 37°C, whereas the antimicrobial activity against E. coli was
increased. The production of compound 3 and 4 was repressed at the elevated

temperature, although the highest level of compound 1 was recorded. Meanwhile, the
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strain showed a significant increase in antimicrobial activities against the Gram-negative
bacteria and C. albicans when it was cultivated at pH 9. The slightly basic medium also

increases the production level of compound 2.

The possibility that nutrient-rich medium negatively affecting the secondary metabolism
of KBS50 was discussed in Chapter 2. In the current study, the strain also showed similar
response even with a small increase in the amount of peptone added into the ISP2/GYM
medium. A significant decrease in antimicrobial activity against A. niger and C. albicans
was recorded. The comparative HPLC analysis also showed a significant reduction in the
levels of major compounds detected from the crude extract of this medium. In contrast,
the metabolites profile of the strain was relatively unchanged when it was cultivated in
the half-strength ISP2 medium (’2 [SP2). In this nutrient-poor medium, the strain showed
an overall increase in antimicrobial activities. Previous study reported that N-
acetylglucosamine (GIcNAc) may induce antibiotics biosynthesis in Streptomyces under
poor nutrient conditions (Rigali et al. 2008). However, adding the (GlcNac) into the half-
strength ISP2 medium did not result in any major changes to the metabolites profile and

antimicrobial activity of KBS50.

The incorporation of elicitors into the basal medium provided additional cues that further
stimulate secondary metabolites production. These elicitors were selected based on the
literature survey that reported their effect towards secondary metabolite biosynthesis. The
addition of DMSO in fermentation media was reported to increase antibiotics production
in actinomycetes by 2 to 3 folds (Chen et al. 2000). Similarly, the rare earth element
(scandium) was also reported to increase antibiotics production by as much as 25 folds
(Kawai et al. 2007). It also increased the expression level of secondary metabolites
biosynthetic genes in S. coelicolor (Tanaka et al. 2010). Similarly, in this study, a
significant increase in antimicrobial activities against the Gram-negative bacteria and C.
albicans was recorded as the results of elicitation using DMSO and scandium. The exact
mechanism of action of DMSO and scandium in eliciting the secondary metabolites
production in actinomycetes is still unknown, although it could potentially affect the
ribosome which consequently alters the mechanism of genes expression and translation

(Chen et al. 2000; Kawai et al. 2007).

Page | 130



The dead cells of B. subtilis and E. coli (Luti & Mavituna 2011; Luti & Yonis 2013), and
the culture filtrate of fungi (Wang, D et al. 2013) were reported to increase antibiotics
production in actinomycetes and other microorganisms. These elicitors mimic the
biological interaction between different microorganisms in the natural environment which
may potentially lead to the biosynthesis of antibiotics as a mean of self-defense
mechanism (Abdelmohsen et al. 2015; Luti & Yonis 2013). Other researchers have
reported the uses of live cells in a fermentation approach called co-cultivation (Luti &
Yonis 2013; Wang, D et al. 2013). This strategy is theoretically more representative of
the actual microbial interaction in the environment, as live cells may directly interact with
each other and provide various signalling molecules that may affect secondary metabolite
production at the molecular level (Abdelmohsen et al. 2015). However, the incorporation
of live cells might affect the growth of actinomycetes due to the competition over nutrient
components as actinomycetes are generally grown slower than the competing bacteria. In
most cases, the dead cells or culture filtrates provided the same elicitation effect on
antibiotics production by the producer strain (Luti & Yonis 2013; Wang, D et al. 2013).
In this study, the culture filtrate of A. niger was found to have the most profound effect
on KBS50 where several new metabolites were produced, while the culture filtrate of G.
boninense seems to inhibit the production of the major metabolites. In previous studies,
it was shown that the concentration of elicitors could affect antibiotics production (Luti
& Mavituna 2011; Luti & Yonis 2013; Wang, D et al. 2013). Hence, it would be
interesting to test different concentration of these elicitors in a future study to determine

their influence on the production of secondary metabolites by KBS50.

Phosphate can either enhance or repress secondary metabolites production depending on
its concentration in the cultivation medium (Bode et al. 2002; Martin 2004). According
to Martin et al. (1977), phosphate may suppress antibiotics biosynthesis by inhibiting the
formation of precursors and limiting the availability of inducers for secondary metabolite
biosynthetic pathway. High concentration of phosphate negatively affecting secondary
metabolites production at the translational level (Bibb 2005; Martin 2004). In this study,
the extract of ISP2 medium supplemented with 5 mM phosphate buffer exhibited strong
antimicrobial activity against A. niger and C. albicans. However, at a higher concentration
(30 mM), the antimicrobial activities against both test strains were reduced significantly
while the production of major compounds was repressed. Similar observation on the

effect of phosphate on antibiotics production by actinomycetes has been reported (Doull
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& Vining 1990; Giardina et al. 2014; Hobbs et al. 1992; Hobbs et al. 1990; Loungs et al.
1996). Based on this result, future design of fermentation media for KBS50 should take
into consideration the limit of inorganic phosphate concentration that should be added.
The minimum amount of phosphate would be necessary as it may promote the growth of

actinomycetes (Giardina et al. 2014).

Plantactinospora sp. KBS50 can tolerate high salinity of up to 7% although it does not
require NaCl for growth. The previous study in actinomycetes and fungi has shown that
NaCl can affect the growth and secondary metabolites production due to its effect on the
osmotic pressure of the medium (Huang et al. 2011; Ng et al. 2014; Wang et al. 2011).
Studies on Salinispora species, which requires salt for growth, showed that the antibiotics
production correlates to the growth rate of the strains under different concentration of
NaCl (Ng et al. 2014). The addition of 1-1.5% NaCl in the fermentation medium might
have increased the biomass, although this effect was not measured in the current study.
The addition of NaCl resulted in a contrasting effect on antibiotics and secondary
metabolites production. The comparative HPLC analysis showed that compound 5 and 6
were only detected from medium supplemented with 1% and 1.5% NaCl. A higher level
of compound 6 was detected from the medium with 1.5% NaCl. Increasing the
concentration of NaCl might increase the production level of compound 6. In contrast,
the production of major metabolites (compound 1, 3 and 4) was suppressed in the presence
of NaCl. Coincidently, the antimicrobial activity, especially against 4. niger and C.
albicans, was reduced significantly with the presence of NaCl. These contrasting results
indicate that silent secondary metabolites genes were activated in the presence of NaCl,

while it suppresses or limiting the expression of other biosynthetic genes.

Initial antimicrobial screening of the crude extracts from the standard fermentation media
ISP2, MB, FM1 and FM8 only showed narrow spectrum antibacterial activity against the
Gram-positive bacteria. Under these standard cultivation conditions, there could be a
chance that some bioactive compounds with broad spectrum activities were present in a
very small quantity that consequently limits the detection of their antimicrobial activity.
Therefore, the sensitivity of the bioassay screening method is important to enable the
detection of bioactivity of low concentration compound (Rutledge & Challis 2015). For
an instant, the antifungal activity of the crude extract of the ISP2 medium was detected

using the MTP assay in this study. However, similar activity was not detected using the
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AwDA during the initial screening. The MTP assay was more sensitive probably because
the assay provides direct interactions between the bioactive compound and the test strain,
whereas AwWDA relies on the diffusion of the bioactive compound through the agar matrix
which consequently further dilute the concentration and the potency of bioactive
compound (Jenkins & Schuetz 2012). The sensitivity of AwWDA can also be affected by
the solubility or the diffusibility of the bioactive compounds in the agar, where the non-
polar compound would be less soluble and difficult to diffuse (Jenkins & Schuetz 2012;
Valgas et al. 2007). Regardless of the assay method employed for antimicrobial screening,
it is imperative to increase the level of secondary metabolites production so that their

bioactivity can be detected easily in antimicrobial screening.

4.5. Summary

In this study, the antibiotics and secondary metabolites production by KBS50 was further
evaluated using the OSMAC fermentation approach. Under the OSMAC scheme, the
actinomycete was fermented in a basal medium (ISP2) supplemented with selected
biological and chemical elicitors including NaCl, DMSO, rare earth element (scandium),
dead cells of B. subtilis and E. coli, culture filtrate of A. niger and G. boninense, potassium
phosphate buffer, and N-acetylglucosamine. In addition to the elicitor elements, the strain
was also cultivated at a higher temperature of 37°C, pH 9, half-strength ISP2, and the
ISP2/GYM medium. The main objective of this fermentation strategy was to enhance the
antibiotics and secondary metabolites detection, which was assessed using the
antimicrobial screening and comparative HPLC analysis. The antimicrobial screening of
the CFBs and the ethyl acetate crude extracts from the OSMAC fermentation media
recorded a broad spectrum antimicrobial activities against the Gram-positive and Gram-
negative bacteria, yeast and fungi test strains. Statistical analysis revealed that the
antimicrobial activities were significantly increased, as compared to the basal medium,
ISP2. Similarly, the comparative HPLC analysis showed an increased in secondary
metabolites production, as well as the detection of potentially new metabolites,
particularly from the crude extracts of ISP2 medium supplemented with 1% NaCl and
with the culture filtrate of 4. niger. To evaluate the antimicrobial potential of the
antibiotics as well as to estimate the possible number of the bioactive compound produced
by KBS50 against the Gram-positive bacteria, the ethyl acetate crude extract from a 2

liter fermentation broth (ISP2) was subjected to a bioassay-guided fractionation. Six out
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of eight fractions tested exhibited antimicrobial activity against B. subtilis, while only two
fractions (fraction 7 and 9) exhibited the antimicrobial activity against B. subtilis and S.
aureus. The result showed that KBS50 produces a different type of bioactive compounds
which can be isolated from the crude extract. Further fractionation of two major peaks
from fraction 9 resulted in the isolation of two compounds (compound 3 and 4) with
potent antimicrobial activity against S. aureus. Compound 3 recorded the strongest
antimicrobial activity against S. aureus, with the MIC and MBC recorded at 7.81 pg/ml
and 15.63 pg/ml, respectively. In summary, the OSMAC fermentation approach used in
this study had successfully enhanced the detection of antibiotics and secondary
metabolites from Plantactinospora sp. KBS50. The bioassay-guided fractionation further
established the capability of KBS50 as a promising source of bioactive secondary
metabolite compounds with a potent antimicrobial activity which can be developed as

new drug candidates.
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CHAPTER 5

General Summary and Conclusions

5.1 Overall Summary

Finding a new source of bioactive compounds, especially the antibiotics, is an urgent need
amid the increasing incident involving drug-resistant pathogens (Boucher et al. 2009;
Demain 2014). At the same time, the full potential of rare actinomycetes from Sarawak
as a source of novel natural product drugs has not been fully explored. Hence, this
research project is an opportunity to highlight the value of rare actinomycetes from
Sarawak in the wake of an increasing demand for a new source of bioactive natural
product compounds. The aim of the present study was to evaluate the capability of a rare
actinomycete strain, Plantactinospora sp. KBS50, to produce the antibiotics and
secondary metabolites compounds. KBS50 was selected for this study primarily due to
its potential novelty and genetic capability to synthesise secondary metabolite
compounds. The fact that marine actinomycetes have been increasingly recognised as a
prolific producer of natural product drugs in recent years (Jensen et al. 2005; Zotchev
2012) further justify the selection of this particular strain among other unique
actinomycetes available from the Sarawak Biodiversity Centre’s microbial culture

collection.

The present study was divided into three main components. In the first component of the
project as reported in Chapter 2, the identity of KBS50 was established using a near-
complete 16S rRNA gene sequence for BLAST and phylogenetic analysis. The basic
morphological and physiological characteristics were studied and compared with other
closely related species. The identification and characterization provides a valuable insight
into the taxonomical and ecological perspective of KBS50 and is particularly important
to distinguish the strain from its closest relatives. The preliminary antimicrobial screening
was carried out to determine its antagonistic properties and antimicrobial activities against
representatives of Gram-positive and Gram-negative bacteria, yeast and fungi test strains.

The extracellular enzyme activity was also evaluated.
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The capabilities of KBS50 to produce secondary metabolite compounds was assessed
using a genome mining approach in Chapter 3. The genomic DNA was sequenced using
the third generation sequencing technology, then assembled to produce a complete
circular chromosome. The genome sequence was subsequently analysed for the
identification of secondary metabolites BGCs using bioinformatics tools. The genome
analysis further reveals the full biosynthetic capabilities of KBS50 as a potential producer

of various types of secondary metabolite compounds.

The antibiotics and secondary metabolites production from KBS50 was further evaluated
using the OSMAC fermentation approach in Chapter 4. This strategy was intended to
enhance the detection of antimicrobial activities of KBS50 in antimicrobial screenings,
as well as to enhance the detection of secondary metabolites from its crude extracts using
HPLC analysis. Finally, the bioassay-guided fractionation was utilised to isolate two
bioactive compounds from the fermentation product of KBS50. The potency of these
compounds was tested to demonstrate their potential as new drug candidates. The salient

findings of this study are summarised.

5.1.1 Identity and characteristics of Plantactinospora sp. KBS50

The actinomycete strain, KBS50, was identified as a new species of Plantactinospora
primarily from the BLAST and phylogenetic analysis of the near-complete 16S rRNA
gene sequence (GenBank accession number KY348801). Plantactinospora is a relatively
new genus in the Micromonosporaceae family. The genus currently comprised of 6
validly described species. Most species were isolated from plant tissues and only one
species was isolated from peat swamp forest soil. As such, KBS50 could be the first
member of this genus originated from the marine-associated environment, as well as the
first species reported from Sarawak, Malaysia. The near-complete 16S rRNA sequence
analysis showed that KBS50 had the highest sequence identity of 97.9% with P. mayteni,
while it shared between 96.9-97.7% sequences identities with other species of
Plantactinospora. Phylogenetic analysis also showed that KBS50 was only distantly
related to the genus Salinispora, a group of true marine-actinomycetes that are well-

known as a prolific producer of bioactive compounds.
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KBS50 is a Gram-positive actinomycete. It formed circular and slightly convex colonies
on ISP2 agar. The strain formed extensively branched substrate mycelia on agar media,
while aerial mycelia were absent. The colonies on ISP2 agar were orange-yellow colour
without formation of soluble pigments. The most notable physiological differences that
clearly distinguished strain KBS50 from other species of Plantactinospora includes its
ability to tolerate high concentration of NaCl (up to 7% w/v) and tolerance to high pH
medium (up to pH 12), while it was unable to grow at incubation temperature of 40°C
and above. The incubation temperature for KBS50 is in the range of 20-37°C with the
optimum growth was observed between 25-30°C. Suitable pH for the cultivation of
KBS50 was shown to be in the range of pH 6-11. Unlike the true marine actinomycetes
Salinispora, KBS50 does not require NaCl for growth. KBS50 was also tested positive

for proteolytic activity on SMA medium, whereas no glucanase activity was detected.

5.1.2 The antagonistic and antimicrobial activities of KBS50

KBS50 demonstrated strong antagonistic activities against the Gram-positive bacteria (B.
subtilis and S. aureus) and fungi (4. niger, G. boninense and R. solani) on the
perpendicular streak assay. No antagonistic activity was recorded against Gram-negative
bacteria (E. coli and P. aeruginosa) and yeast (S. cerevisiae). The perpendicular streak
assay demonstrated that the type of agar media could affect the antagonistic activity of
KBS50. The strongest antagonistic activities against B. subtilis and S. aureus were
recorded on MB agar. Similarly, the strongest antagonistic activities against fungi test

strains were also recorded on MB agar.

The secondary screening of the CFBs and crude extracts from the fermentation media
ISP2, MB, FM1 and FMS8 using the agar well diffusion assay method showed
antimicrobial activities against B. subtilis and S. aureus only. For both types of samples,
the strongest antimicrobial activities were recorded from the ISP2. The results indicate
that the antimicrobial compound(s) was produced at the highest level in ISP2 broth as
compared to other media. The MIC of the ISP2 crude extract against B. subtilis and S.

aureus was determined at 5.21 + 1.30 pg/ml and 15.63 + 0.00 pg/ml, respectively.

Comparative HPLC analysis showed that the crude extract from ISP2 medium showed

the highest number of major peaks with a higher level of production, as compared to other
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media (MB, FM1 and FMS8). Based on the results of antimicrobial screening and
comparative HPLC analysis, the ISP2 medium was identified as the best fermentation

broth for the production of bioactive secondary metabolites from KBS50.

The OSMAC strategy had successfully enhanced the detection of antimicrobial activities
from KBS50. The use of MTP Assay format for antimicrobial screening also increases
the sensitivity of the test strains towards the antimicrobial compounds produced by
KBS50 in the OSMAC fermentation. This was demonstrated by a strong antimicrobial
activity against A. niger recorded from the crude extract of ISP2. Other than the
antimicrobial activities against B. subtilis, S. aureus and A. niger, the crude extracts from
the OSMAC fermentation strategy also recorded strong antimicrobial activity against the
yeast, C. albicans, although no activity was recorded against S. cerevisiae. In addition,
moderate antimicrobial activities were also recorded against the Gram-negative test
strains, E .coli and P. aeruginosa. Based on these findings, it was shown that
Plantactinospora sp. KBS50 could potentially produce broad-spectrum antimicrobial
compounds when grown under specific cultivation conditions or with the presence of

particular elicitor elements.

5.1.3 Cultivation conditions affecting the antibiotics and secondary metabolites

production

The antimicrobial screening of the crude extracts from the OSMAC fermentation
approach had demonstrated the capability of KBS50 to produce broad-spectrum
antimicrobial compounds. As compared to the basal medium, ISP2, significant increase
or decrease in antimicrobial activities were recorded, especially against A. niger and C.
albicans. Similarly, the comparative HPLC analysis also showed significant changes in
secondary metabolites profile as the result of the OSMAC fermentation strategy. The
results showed that the production of antibiotics and other secondary metabolites by
KBS50 can be influenced by the cultivation conditions such as pH of the medium,
incubation temperature, as well as the presence of biological or chemical elicitors in its

cultivation media.

KBS50 exhibited strong antimicrobial activities against B. subtilis and S. aureus in nearly

all cultivation conditions used under the OSMAC approach. Most notable increased in
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antimicrobial activity against E. coli was recorded from the extract of ISP2 broth at pH 9,
while the highest activity against P. aeruginosa was recorded from the extract of ISP2
supplemented with the culture filtrate of G. bomninense. Meanwhile, the highest
antimicrobial activity against 4. niger and C. albicans was recorded from ISP2 broth

supplemented with the dead cells of E. coli and ISP2 broth at pH 9, respectively.

On the other hand, the OSMAC fermentation approach also resulted in significant
reductions of antimicrobial activities against the test strains. Most notably was the
incubation temperature of 37°C which had negatively affected the antimicrobial activities
against S. aureus, A. niger and C. albicans. The addition of NaCl (1% and 1.5%) and a
higher concentration of phosphate (30 mM) also negatively affecting the antimicrobial

activities against 4. niger and C. albicans.

Comparative HPLC analysis revealed that the production of secondary metabolites by
KBS50 was affected by various cultivation parameters used in the OSMAC fermentation
approach. The incubation temperature of 37°C and pH 9 had a positive effect on the
production of compound 1 and 2, respectively. The production level of compound 3 and
4 was increased in the presence of 3% DMSO. New metabolites were also detected from
the crude extracts of fermentation media that were supplemented with NaCl (1% and
1.5%), 5 mM phosphate buffer and the culture filtrate of 4. niger. Meanwhile, the
secondary metabolites production, especially compound 1, 3 and 4, was negatively
affected by the presence of 30 mM phosphate buffer and NaCl (1% and 1.5%). The
incubation temperature of 37°C and the culture filtrate of G. boninense also inhibited the

production of compound 3 and 4.

5.1.4 Secondary metabolites and antimicrobial compounds produced by KBS50

Plantactinospora sp. KBS50 produced at least 13 secondary metabolites compounds as
detected by the HPLC analysis. Four of these major compounds (compound 1-4) were
detected from the crude extract of ISP2, while other compounds were detected from the
crude extracts of ISP2 broth supplemented with NaCl (1% and 1.5%), 5 mM phosphate

and the culture filtrate of A. niger.
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The bioassay-guided fractionation of the crude extract from the 2 litre fermentation broth
(ISP2) demonstrated that KBS50 produced more than one compound that was active
against the Gram-positive bacteria. From 8 fractions tested, 6 fractions exhibited
antimicrobial activity against B. subtilis, while only 2 fractions (fraction 7 and 9)
exhibited antimicrobial activity against S. aureus. Fraction 7 recorded the highest
antimicrobial activity against both test strains. This result indicates the presence of strong

antimicrobial compound(s) in fraction 7.

Two major peaks were successfully isolated from fraction 9, with the purity of 99.86%
and 93.24% for compound 3 and 4, respectively. Both compounds demonstrated strong
antimicrobial activity against S. aureus. The MIC for compound 3 and 4 was determined
at 7.81 pg/ml and 62.50 pg/ml, respectively, while the MBC of compound 3 and 4 was
determined at 15.63 pg/ml and 125 pg/ml. Both compounds were tested to be bactericidal

against the S. aureus.

5.1.5 Genome properties and gene clusters for secondary metabolites

The genome sequence of Plantactinospora sp. KBS50 consist of a single circular
chromosome with a length of 6,689,726 bp and a G+C content of 72.9%. The RAST
annotation predicted a total of 5,820 CDS with the coding capacity of 87.8%. The
majority of the CDS (70.3%) were annotated with a putative function while the remaining
CDS were assigned as hypothetical proteins. A total of 56 RNAs were identified, with 47
of them were tRNAs and 9 were rRNAs (3 operons). KBS50 devoted up to 6.6% of its
genome sequence for regulatory functions. Twelve genes encoding for CRISPR or
CRISPR-associated proteins were also identified from the genome sequence. The analysis
revealed that KBS50’s genome contains many genes for protein and carbohydrate
metabolism. These include 332 genes for protein metabolism and 526 genes for
carbohydrate metabolism. A large number of genes for protein and carbohydrate
metabolism indicates that KBS50 can utilise a wide variety of carbon and nitrogen sources

as energy.
The secondary metabolites BGCs from KBS50 genome sequence were identified using

the antiSMASH software. From the total of 60 BGCs identified, 37 are putative clusters
while the other 23 comprised of the major types of BGCs including PKS (7), NRPS (7),
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PKS-NRPS hybrid (2), bacteriocin (1), lantipeptide (2), terpene (3) and siderophore (1).
The antiSMASH analysis also predicted 11 core structures of polyketides and peptides
product of the modular type-1 PKS and NRPS, based on the substrate specificity of the
acyltransferase and the adenylation domains of PKS and NRPS gene clusters,

respectively.

Most of the BGCs identified from KBS50 have low gene similarity to any known gene
clusters, with the exception of cluster 47 (putative), cluster 6 (terpene) and cluster 56
(type-3 PKS) which share between 71-100% gene similarity with known gene clusters.
Cluster 6 showed a remarkably similar gene cluster organisation with the sioxanthin gene
cluster found in S. tropica, with 100% gene similarity. Comparative analysis of secondary
metabolites BGCs between KBS50 and other related species revealed comparable
biosynthetic capabilities in term of the number of major types of gene clusters. KBS50
has the highest number of NRPS-associated gene clusters (9) as compared to S. arenicola

(6), S. tropica (6), M. narathiwatensis (8), and S. coelicolor (4).

5.2 Conclusions

The continuous search for a new source of bioactive natural product compounds as drug
candidates is essential to enable a constant supply of effective treatments for infectious
diseases and other ailments (Boucher et al. 2009). It was the aim of the present study to
assess the natural product biosynthetic capabilities of Plantactinospora sp. KBS50, a rare
marine-derived actinomycete from Sarawak, as a potential source of novel bioactive
compounds. KBS50 is a unique actinomycete strain that represents only a small fraction
of the hidden microbial diversity in Sarawak that is yet to be explored. Nonetheless, this
study which had focused solely on a single strain may enhance our knowledge of the
natural product biosynthetic capabilities of the rare actinomycetes from Sarawak,
particularly the Plantactinospora genus. This study also showed that the marine-
associated environment such as the coastal area in Sarawak can be a valuable source of
unique actinomycetes with huge potential that can be exploited for natural product

discovery.

The work presented in this thesis reported on the application of a classical approach and

the more advanced genome mining approach for natural product screening from a unique
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actinomycete strain. The classical or traditional approach relies on the biological
screening of extracts for bioactivity. The drawback is that actinomycetes may not produce
bioactive secondary metabolites in sufficient quantity or may not produce the metabolites
at all under the standard cultivation condition (Rutledge & Challis 2015), consequently
limit the detection of their full biological potential. The present study demonstrated that
the incorporation of the OSMAC fermentation strategy is advantageous in enhancing the
detection of antibiotics and secondary metabolites from KBS50. The OSMAC
fermentation approach had shown that different elicitors or parameters may affect the
production of specific metabolites. This information can be used as the basis for the
optimisation of cultivation conditions which can increase the compound yield for further
isolation and purification. It is important to mention that only a limited number of possible
growth conditions and elicitors were evaluated for the OSMAC fermentation. Further
enhancement of antibiotics and secondary metabolites production and detection from

KBS50 may be possible if more cultivation parameters are evaluated in the future study.

Nevertheless, exploitation of cultivation conditions alone may not guarantee the detection
of all possible metabolites from KBS50, as the genetic factor play the most important role
in determining how many compounds a particular microorganism could actually produce
(Bode et al. 2002). Thus, the full biosynthetic capability of KBS50 was uncovered
through the genome mining approach which involved the sequencing of its complete
genome for the identification of secondary metabolites BGCs. The genome data provided
an overview of the enzymatic mechanism underlying the biosynthetic pathway of the
secondary metabolites produced by KBS50. Whether these genes were actually expressed
during fermentation or they remained silent under the tested cultivation conditions, are
remain to be seen. This aspect can be addressed in the future study through the

investigation of the expression of the biosynthetic genes.

To the best of our knowledge, this study is the first reported genome of a species from the
genus Plantactinospora. The genome sequence may serve as a reference genome for
comparative analysis with other Plantactinospora species in the future. Such analysis will
further improve our understanding of the secondary metabolism of this unique

actinomycete genus.
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In summary, the antibiotics and secondary metabolites biosynthetic potential of
Plantactinospora sp. KBS50 has been successfully evaluated in the present study. The
results of antimicrobial screening and identification of secondary metabolites
biosynthetic genes from the genome sequence provided strong indication that KBS50 is
indeed a prolific producer of bioactive natural product compounds. This study will,
therefore, facilitate the discovery of new chemical entity from Plantactinospora sp.

KBS50 which can be developed as potential drug candidates.

5.3 Future directions and recommendations

The study presented in this thesis is part of an ongoing natural product bioprospecting
program with the long-term goal is to discover new chemical entity with potent biological
activity from the microorganism isolated from Sarawak which can be developed as
potential drug candidates. Through this study, it was established that Plantactinospora
sp. KBS50 is a prolific source of secondary metabolites. Therefore more efforts should
be put towards the screening, isolation, identification and characterization of bioactive

compounds from KBS50. Future studies may include, but not limited to, the following:

a. Identification and characterization of compound 2 and 3 using the LC-MS and
NMR analysis. The bioactivity of these compounds can be further evaluated
against broad spectrum microorganism, including the methicillin-resistant S.
aureus strain. Optimisation of fermentation media and condition, as well as
fermentation in larger scale, may be necessary to increase the yield of these
compounds for further isolation and purification.

b. Further assessment of the effect of different cultivation parameters towards
secondary metabolites production by KBS50 based on the data from the OSMAC
fermentation approach presented in this study. The testing may include a different
range of incubation temperature, pH or concentration of elicitors which have been
shown to positively enhance the antibiotics and secondary metabolites production
by KBS50.

C. Gene expression analysis of the secondary metabolites BGCs to identify which
gene cluster is expressed under different cultivation conditions. Gene expression
study in combination with comparative metabolic profiling can be used to

investigate which gene cluster is responsible for the production of a particular
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metabolite. In addition, gene expression analysis will allow the identification of
silent BGCs, of which can then be manipulated through various genetic
engineering methods. These may include ribosomal engineering, heterologous
gene expression and the manipulation of regulatory genes to activate the

expression of the silent gene clusters (Zerikly & Challis 2009).

This study has shown that the marine-associated environment such as the beach area in
Sarawak can be a valuable source of genetically talented rare actinomycetes species.
Further exploration of similar habitats including the mangrove area, is highly
recommended in the continuous search of rare actinomycetes for natural product
screening. Last but not least, the OSMAC fermentation approach and the genome mining
approach applied in this study should be extended to evaluate the capabilities of other rare
actinomycetes species already available in the Sarawak Biodiversity Centre’ microbial
culture collection. A further enhancement to this strategy may include the use of LC-MS
equipment for compound dereplication and identification. In addition, the molecular
networking and the pattern-based genome mining approach (Duncan et al. 2015) can link
the metabolites detected by the mass spectrometry analysis to its respective BGCs. This
promising strategy if incorporated into the natural product screening workflow can greatly

facilitate the discovery of novel compounds from the rare actinomycetes from Sarawak.
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