ABSTRACT

Microbial populations in human inhabited coastal environment are subject to disturbance
and human activity. Thus, the diversity of microbes in this environment is often
interesting because of the challenges that the microbial population faced. In this study,
actinobacteria was isolated from intertidal sediment samples and Padina antillarum
(Dictyotales, Phaeophyceae) from Tanjung Tuan (Cape Rachado), Port Dickson,
Malaysia. Isolates were subjected to polymerase chain reaction (PCR) screening specific
for Streptomycetaceae and Micromonosporaceae, prior to characterization by phenotypic
characterisation and its genotyping for the purpose of clustering. Molecular identification
by 16S rRNA gene sequence revealed five families and nine genera, namely
Streptomycetaceae, Micromonosporaceae, Pseudonocardiaceae, Nocardiaceae and
Tsukamurellaceae. The presence of a relatively higher number of isolates belonging to
Streptomycetaceae and Micromonosporaceae is as expected. However, two endophytic
isolates PE32 and PE37 have been identified to be closely related to the clinical
actinobacteria Nocardia nova (99.9% pairwise similarity) and Williamsia muralis (99.4%
pairwise similarity), respectively. Isolate PE36 could be a novel species within the genus
Prauserella, with 96.6% pairwise similarity to the closest identification, Prauserella
marina. Additional characterization to identify potentially bioactive isolates were carried
out to detect ketoacyl synthase and methyl- transferase domain of malonyl -type I
polyketide synthases (PKSI) and adenylation domains in non- ribosomal peptide
synthetase (NRPS) . Isolates were also evaluated for antibacterial activity against
Escherichia coli, Staphylococcus aureus and Bacillus subtilis by resazurin based
microtitre assay. The presence of the target genes and detectable antibacterial activity

showed a high correlation. Additionally isolate SE31 was wholly genome sequenced.



ABSTRAK

Populasi mikrob dalam persekitaran pantai yang didiami manusia adalah tertakluk kepada
gangguan dan aktiviti manusia. Dengan itu, kepelbagaian mikrob dalam persekitaran ini
sering menarik kerana cabaran yang dihadapi. Dalam kajian ini, aktinobakteria telah
dipencilkan daripada sampel sedimen intertidal dan Padina antillarum (Dictyotales,
Phaeophyceae) dari Tanjung Tuan (Cape Rachado), Port Dickson, Malaysia. Terikan
telah tertakluk kepada pemeriksaan tindak balas rantai polymerase (PCR) spesifik untuk
Streptomycetaceae dan Micromonosporaceae, sebelum pencirian melalui ciri fenotip
(warna) dan ciri genotip (PCR turutan jujukan berulangan) bagi tujuan pengelompokan.
Pengenalpastian molekular melalui gen 16S rRNA mendedahkan lima famili dan
sembilan genus, iaitu Streptomycetaceae (Streptomyces), Micromonosporaceae
(Micromonospora  dan  Verrucosispora), Pseudonocardiaceae  (Prauserella,
Pseudonocardia dan Sciscionella), Nocardiaceae (Nocardia dan Williamsia) dan
Tsukamurellaceae (Tsukamurella). Kehadiran bilangan strain relatif yang lebih tinggi
oleh Streptomycetaceae dan Micromonosporaceae adalah seperti yang dijangkakan.
Walau bagaimanapun, dua terikan endofitik PE32 dan PE37 telah dikenalpasti sebagai
mikrob klinikal iaitu Nocardia nova (99.9%) dan Williamsia muralis (99.4%). Terikan
PE36 berkemungkinan spesies novel dalam genus Prauserella (96.6%). Pencirian
tambahan untuk mengenalpasti terikan yang berpotensi bioaktif telah dilakukan dengan
primer untuk mengesan ‘synthase ketoacyl’ dan domain ‘metil-transferase malonyl’
dalam ‘polyketide synthases’ jenis-1 (PKSI) dan domain ‘adenylation’ dalam synthetase
peptida bukan ribosom (NRPS). Terikan juga dinilai untuk aktiviti antibakteria terhadap
Escherichia coli, Staphylococcus aureus dan Bacillus subtilis melalui pengujian
resazurin-microtiter. Kehadiran gen sasaran dan aktiviti antibakteria yang dikesan
menunjukkan korelasi yang tinggi. Tambahan pula, turutan jujukan genom terikan SE31

telah diperolehi.
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CHAPTER 1

1.1 Introduction

Historically, actinobacterial population were generally thought to only occur in
terrestrial environment and actinobacteria exist in marine environments generally as
dormant spores (Goodfellow & Haynes, 1984). However, subsequent research has
revealed that a great diversity and abundance of actinobacteria are in the marine
environments (Tan et al., 2005; Vikineswary et al., 2005; Abbas, 2006; Subramani &
Aalbersberg, 2012; Eom et al., 2013). Even though studies indicate that major populations
of marine actinobacteria reside in marine sediments (Jensen et al., 2005; Maldonado et
al., 2009), however, increasing studies on marine actinobacteria isolated from marine
macroorganisms (Ismet et al., 2004; Vikineswary, et al., 2005; Zheng et al., 2005;
Kanagasabhapathy et al., 2006; Lam, 2006; Zhang et al., 2008) have display highly
evolved marine adaptations. Transient marine actinobacteria that grow on the surfaces of
marine macroorganisms survive in a highly volatile and competitive environment where
space and access to nutrients are limited (Zheng, et al., 2005; Kanagasabhapathy, et al.,
2006; Jensen & Lauro, 2008; Carvalho & Fernandes, 2010). As a result, these epiphytic
and endophytic actinomycetes have been acknowledged to be of higher percentage of
compound-producing isolates than that observed in free-living marine environments
(Zheng, et al., 2005). Consequently, isolation and cultivation of a broad range of taxa are
needed to assess the chemical and genetic diversity of marine actinobacteria (Goodfellow
& Fiedler, 2010) and hence their full potential as a source of novel metabolites.
Continuous studies on marine actinobacteria have revealed many new chemical entities
and bioactive metabolites (Waldron et al., 2000; Strobel & Daisy, 2003; Tormo et al.,
2003; Bull et al., 2005; Jensen, et al., 2005; Zheng, et al., 2005; Lam, 2006; Baltz, 2007;
Bull & Stach, 2007; Laidi et al., 2008; Lin et al., 2009; Goodfellow & Fiedler, 2010;

Schneemann et al., 2010).



However, the current downward trends of novel compound discovery and the
decreasing number of approved compound for medical use has been daunting.
Compounds that were previously isolated are incessantly recurring, rendering novel
compound discovery sporadic. If, and when, novel compounds accomplished detailed
laboratorial setting, it will proceed to compound development and clinical trials, many
which would not be approved for medical use (Ratti & Trist, 2001; Scheffler et al., 2013).
Despite confronted with such despair outlook, current trend in exploration and
exploitation have been a continuous undertaking with the marine inhabitant and its
environment focused as new and rich reservoir for novel compounds. Marine microbial
compounds have been elucidated with different approaches to discover either a novel
compound or variant of a poorly explored compound (Donadio et al., 2010). Among the
microbial candidates sourced, actinobacteria remain the forerunner for novel compounds
due to its diversity and ability to produce bioactive compounds as 70% of the known

secondary metabolites are produced by actinobacteria (Subramani & Aalbersberg, 2012).

1.2 Objectives

1. To isolate and characterize actinobacteria from marine sediments and Padina
antillarum using morphology and molecular method.
2. To screen the actinobacteria isolates for antibacterial activity and assess the

biosynthetic potential for antibacterial activity.



CHAPTER 2

2.1 Bioactive Marine Actinobacteria

The class Actinobacteria contains the order Actinomycetales and several deep-
branching and sometimes uncultured taxonomic groups, for example, the subclass
Acidimicrobida (Stackebrandt et al., 1997). On the other hand, Actinomycetes are
actually members of the order Actinomycetales belonging to the class Actinobacteria,
containing many readily cultivated and among the different genera and families belonging
to the order Actinomycetales, the very prolific genus Streptomyces, the family
Micromonosporaceae (mainly Micromonospora and Actinoplanes), the family
Pseudonocardiaceae (mainly Amycolatopsis, Saccharopolyspora and Saccharothrix), the
family Thermomonosporaceae (mainly Actinomadura), the family Nocardiaceae
(Nocardia and related genera), and the family Streptosporangiaceae (mainly
Streptosporangium) (Lazzarini et al., 2000). Marine actinobacteria, strictly speaking,
should only include members of the taxonomic group indigenous to the marine
environment (Ward & Bora, 2006) but, since it is difficult to establish that they are
indigenous to the marine environment (Tsueng & Lam, 2008; Imada et al., 2010; Khan
etal., 2010), hence marine actinobacteria also includes actinobacteria isolated or detected

in the marine environment.

Diverse actinobacteria have been sourced for microbial antibiotics, mainly from
the genus Streptomyces (Jensen & Lauro, 2008) and marine actinobacteria are a growing
source for novel biodiscovery (Bull et al., 2000; Lam, 2006; Baltz, 2007; Bull & Stach,
2007). Baltz (2007) contended that the increasing recognitions for novel natural product
are simply due to the complexity to synthesis clinically important antibiotics by

combinatorial chemistry.



Though the study of marine actinobacteria is still developing, the advent and
developments in molecular biology and genomics has greatly enhance the systematics,
ecological and evolutionary studies of marine actinobacteria (Bull, et al., 2005), and
hence directing and improving the bioactive screening programmes (Jensen, et al., 2005;

Goodfellow & Fiedler, 2010).

Studies on marine macroorganisms (Ismet, et al., 2004; Vikineswary, et al., 2005;
Zheng, et al., 2005; Kanagasabhapathy, et al., 2006; Lam, 2006; Zhang, et al., 2008) have
revealed that marine actinobacteria display highly evolved marine adaptations which
include the requirement of seawater and/or sodium salt for growth. Essentially, marine
actinomycetes is associated with the requirement of seawater and/or sodium/potassium
salt for growth. However, the specific requirement of halophilic conditions, which has
been identified as a primary characteristic of marine microorganisms, has been topics of
much debate (Ismet, et al., 2004; Tsueng & Lam, 2008; Imada, et al., 2010; Khan, et al.,
2010) as the quantity, stability, and uniqueness of the salinity requirement are not
established. However, there are reports that the production of secondary metabolites by
obligate marine actinobacteria are only triggered under halophilic conditions (Okami et
al., 1976; Imada et al., 2007; Tsueng & Lam, 2008). However, the production of
salinosporamide B by Salinispora tropica, is significantly higher in the high-sodium-salt-
formulation media, while, the production of salinosporamide A does not require high

halophilic media formulation (Tsueng & Lam, 2008).

In a general microbiological marine survey, a non-selective media for marine
actinobacteria would yield many non-actinobacterial isolates (Muscholl-Silberhorn et al.,

2008). However, a more refined isolation and cultivation approach, would yield more
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actinobacterial isolates but, until recently, most marine actinobacterial isolates have been
restricted to the genera Micromonospora — Rhodococcus — Streptomyces (Maldonado, et
al., 2009). Furthermore, phylogenetic analysis of DNA fragments recovered from DGGE
bands revealed that most of the actinobacteria were uncultured and were quite different
from known culturable isolates, such as members of the genera Micromonospora,
Rhodococcus, and Streptomyces (Yoshida et al., 2008). These results suggest that the
marine environment is still an attractive site for discovering new marine actinobacterial

populations.

Consequently, isolation and cultivation of a broad range of taxa are needed to
assess the chemical and genetic diversity of marine actinobacteria (Goodfellow & Fiedler,
2010) and hence their full potential as a source of novel metabolites. The manipulation of
growth conditions and selective isolation for specific taxa is used as a common strategy
to improve the quantities and spectra of metabolites (Tormo, et al., 2003). Due to
taxonomical studies, it is now relatively easier to detect rare and uncommon
actinobacteria due to the increasing availability of sound classifications based on the
integrated use of genotypic and phenotypic data (Bull, et al., 2000). However, the
genotypic and phenotypic aspects of marine actinobacteria must be first understood
before the potential of these bacteria to produce new metabolites can be fully appreciated

(Jensen, et al., 2005; Imada, et al., 2010; Khan, et al., 2010).

2.2  Seaweed as Sources of Bioactive Compounds

Seaweeds have traditionally used supplementary diet for indigenous people.
However, studies have shown that seaweeds as source of bioactive compounds and
produce a great variety of metabolites characterized by a broad spectrum of biological

activities (Chew et al., 2008; Vallinayagam et al., 2009) including antimicrobial



properties (Smit, 2004; Engel et al., 2007; Puglisi et al., 2007; Kandhasamy &
Arunachalam, 2008; Shanmughapriya et al., 2008; Ibtissam et al., 2009; Rajasulochana

et al., 2009; Vallinayagam, et al., 2009).

Many bioactive compounds may have evolved due to ecological pressures (the
competition for space and the maintenance of clean thallus surfaces, grazing pressures by
herbivores, tolerance to dangerous levels of sunlight or UV-B radiation, desiccation
during exposure at low tide or highly saline waters and conditions resulting from thallus
breakage and wound formation) acting on seaweeds (Strobel & Daisy, 2003; Smit, 2004).
Furthermore, exposure to different microbial assemblages may also affect the production
of specific antimicrobial metabolites through induction (Puglisi, et al., 2007).
Consequently, the concentrations of antimicrobial metabolites may vary seasonally and

geographically.

However, Puglisi, et al. (2007) deliberate on the function of antimicrobial
metabolites in active extracts, even though they observed a consistency in the activities
against relevant marine pathogens and saprophytes. Further studies have support the
notion that marine plants maintain chemical defenses (Smit, 2004; Engel, et al., 2007;
Puglisi, et al., 2007; Kandhasamy & Arunachalam, 2008; Shanmughapriya, et al., 2008;
Ibtissam, et al., 2009; Rajasulochana, et al., 2009; Vallinayagam, et al., 2009), however,
marine plants crude extract are complex mixtures of primary and secondary metabolites,
including fatty acids that can exhibit antimicrobial activities, and, given that most marine
plants contain epiphytic and endophytic microorganisms, it is not possible to rule out that
microbial metabolites may contribute to the overall activity of the extracts tested (Engel,

et al., 2007).



Furthermore, many sessile marine plants have defense mechanisms against
fouling by possible utilization of metabolites that may influence the settlement, growth
and survival of other microorganisms potentially able to attach on their surface. However,
Kanagasabhapathy, et al. (2006) observed that some algae and animals lacking chemical
and physical defenses, such as surface shedding, relies on metabolites produced by

surface-associated bacteria as their defense against fouling.

Henceforth pre-existing metabolites or bioactive compounds from the seaweeds
would influence the microbial community within its micro-environment. Consequently,
it is speculated that actinobacteria from seaweeds would have adaptation to compete for
nutrient and space despite the pre-existing metabolites or bioactive compounds from the

seaweeds.

2.3 Type-l polyketide synthases (PKSI) and non-ribosomal peptide synthetase

(NRPS) gene fragments in Actinobacteria

There are three major classes of PKS systems, arranged by their mode of synthesis
and structural type of product. One unifying theme in the diverse polyketide family of
metabolites is their biosynthesis through the sequential condensation of small carboxylic
acids, reminiscent of the synthesis of fatty acids in bacteria, lower and higher eukaryotes
(Hopwood & Sherman, 1990). Type | PKSs in bacteria are multi-enzyme complexes that
are organized into individual, linear modules, each of which is responsible for a single,
specific chain elongation process and post condensation modification of the resulting [3-

carbonyl (Staunton & Weissman, 2001).

Non-ribosomally produced peptide metabolites are large, multifunctional enzyme

complexes, that build growing chains from individually selected building blocks which



display a remarkable spectrum of activities and are extremely important in
pharmaceuticals applications, as some of which are the clinically useful peptides such as
the antibiotics vancomycin and penicillin, the immunosuppressive agent cyclosporine and
the antitumor compound bleomycin (Jiménez et al., 2010). Compounds synthesized by
NRPSs can be distinguished by the presence of non-proteinogenic branched D-amino

acids, which are often cyclic in structure (Walsh et al., 2001; Mootz et al., 2002).

A lot of new information in the biosynthetic chemical processes has been
discovered over the past 20 years by sequence-based approaches with new biosynthetic
chemistry discovered through the continued exploitation of information from genome
sequencing projects (Jiménez, et al., 2010). The annotation of newly discovered gene
clusters would then complements the biochemical and bioassay data, enabling
manipulation of culturing conditions to stimulate expression on previously undetected
metabolite (Minowa et al., 2007; Jiménez, et al., 2010; Winter et al., 2011; Schulze et al.,
2013; Zhu et al., 2013). Metabolites prediction through genome mining of Salinispora
tropica leads to Salinilactam A (Udwary et al., 2007), and likewise, genome mining of
two different Streptomyces strains that have similar biosynthetic gene cluster leads to the

isolation and identification of three new polyketide (Banskota et al., 2006).

Though metagenomic analysis has reveals diverse biosynthetic gene clusters
(Schirmer et al., 2005; Minowa, et al., 2007; Pang et al., 2008), however, Baltz (2007)
argued that metagenomic approaches has failed so far to uncover substantially new
antibiotics as the problem lies largely with technical limits, even though approaches
through metagenomic analysis have revealed diverse biosynthetic gene clusters
(Schirmer, et al., 2005; Minowa, et al., 2007; Pang, et al., 2008). In the case where the

biosynthetic gene cluster was obtained from metagenomic approaches, then, heterologous



expression of the gene cluster in a suitable host for compound production would pose a
major hurdle, as only with the implementation of a genetically similar host strain would
maximize the potential for productive transcription, translation and finally, metabolite
production (Fortman & Sherman, 2005). The construction of such expression library is
possible and heterologous expression has been achieved from entire biosynthetic cluster
of the actinobacteria (Martinez et al., 2004; Komatsu et al., 2010). This approach would
circumvents the need for numerous fermentations manipulation to obtain the compound
of interest (Martinez, et al., 2004; Pimentel Elardo, 2008). For instance, the discovery of
turbomycin A and B from metagenomic library expressed by a non-actinomycete host
have shown that such undertaking is viable (Gillespie et al., 2002). Nonetheless such

successful undertakings have been few and far between (Baltz, 2007, 2008).

Hence, simply surveying microbes for genes encoding large PKSI and NRPS can
only be helpful for determining a possible potential of the sample (Ayuso et al., 2005;

Ostash et al., 2005; Savic & Vasiljevic, 2006; Baltz, 2007).

Genome-wide analysis of biosynthetic genes, on the other hand, are already
fostering new methods for predicting secondary metabolite production thereby
maximizing opportunities for drug discovery (Minowa, et al., 2007; Goodfellow &
Fiedler, 2010). There is a great diversity of polyketide synthase and non-ribosomal
peptide synthetase biosynthetic pathways in actinobacteria (Ayuso, et al., 2005) as the
majority of actinobacteria derived compounds are shown to be complex polyketides and
non-ribosomal peptides (Donadio et al., 2007; Schneemann, et al., 2010). Simply because
none of the other taxonomic groups devote high percentages of the coding capacity to
PKS and NRPS functions as in actinobacteria (Baltz, 2008), and this further emphasizes

the rationale to focus antibiotic discovery efforts on actinobacteria.



It can be assumed that a genome with a higher number of biosynthetic gene
clusters is more likely to result in a positive hit in a PKSI/NRPS screening approach.
Therefore, positive results in a PCR-based screening not only provide evidence of the
production of corresponding metabolites, but also may indicate the existence of further
metabolic pathways of secondary metabolite synthesis (Ayuso, et al., 2005; Ostash, et al.,
2005; Savic & Vasiljevic, 2006; Schneemann, et al., 2010). However, the lack of
detectable gene fragments does not definitely prove the absence of the respective
biosynthetic gene clusters as there are also other metabolites and other biosynthetic

pathways that exist as reflected in actinobacterial genomes (Schneemann, et al., 2010).

2.4 Actinobacterial Studies in Malaysia

Malaysia, has large actinobacterial diversity with an under-explored potential,
however, Numata and Nimura (2003) noted that the limitation imposes by Convention on
Biological Diversity limits the participations of foreign private institutions in

actinobacterial research here.

But having said that, local researchers have carried out studies on Malaysian
actinobacteria in natural environments over the years, though studies have been mainly
focused on diversity survey; mountain range in Sabah (Lo et al., 2002), mangrove soils
and its macroorganisms (Tan, et al., 2005; Vikineswary, et al., 2005), medicinal plants,
(Zin et al., 2007), agricultural soils (Jeffrey, 2008), and rhizosphere soils (Ting et al.,
2009), leaf litters (Muramatsu et al., 2011), or for phylogenetic comparative studies
(Muramatsu et al., 2003; Muramatsu, 2008). The studies, mostly, concluded a high

diversity of actinobacteria, but with a dominant Streptomycetes population.
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Survey of potential bioactive actinobacteria for antibacterial (Jeffrey, 2008; Ting,
et al., 2009), antifungal (Ismet, et al., 2004; Zin, et al., 2007; Jeffrey, 2008; Muramatsu,
et al., 2011), and anticancer (Lo, et al., 2002; Kamal et al., 2009) was also carried out,

some showing promising results that warrant further research.
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CHAPTER 3

Materials

Artificial sea water (ASW)
Artificial sea water with a pH of 8.2 — 8.4 and salinity of 31.0ppt was prepared
by dissolving 33.3g of commercial artificial sea salt (Red Sea, United States of

America) in one litre of type Il reverse osmosis water.

Modified Bennett’s agar, MBA [modified from Bennett's agar (Jones, 1949)]
Beef extract: 1g, glycerol: 10g, casitone: 2g, yeast extract: 1g, agar: 12g in 1L

of ASW

Modified Bennett’s medium, MBM [modified from Bennett's agar (Jones, 1949)]

Beef extract: 1g, glycerol: 10g, casitone: 2g, yeast extract: 1g in 1L of ASW

One-tenth strength modified Bennett’s agar, 1/10MBA [modified from Bennett's
agar (Jones, 1949)]
Beef extract: 0.1g, glycerol: 1g, casitone: 0.2g, yeast extract: 0.1g, agar: 129

in 1L of ASW

One-tenth strength modified Bennett’s agar with 2% Gelatin, MBG [modified
from Bennett's agar (Jones, 1949)]
Beef extract: 0.1g, glycerol: 1g, casitone: 0.2g, yeast extract: 0.1g, gelatine:

209, agar: 12g in 1L of ASW

Modified organic agar, MOA [modified from Organic Medium 79 (Atlas, 2004)]

12



Dextrose: 1g, peptone: 1g, casein hydrolysate peptone: 0.2g, yeast extract:

0.29g, agar: 12g, sodium chloride (NaCl): 20g in 1L of distilled water

Modified starch-casein agar, MSC [modified from starch-casein agar (Kuster &
Williams, 1964)]
Soluble starch: 10g, casein hydrolysate peptone: 0.3g, potassium nitrate: 2g,

NaCl: 2g, monopotassium phosphate: 2g, agar: 12g in 1L of ASW

Padina extract agar, PEA [modified method of extract preparation (Atlas, 2004)]
In every 100ml of ASW, 10g of air-dried Padina sp specimen was extracted
with a juicer. Agar (1.2g) was then added to every 100ml of Padina extract

solution

Modified Zhang’s medium, M1 [modified from Zhang’s medium (Zhang et al.,

2006)]

Soluble starch: 10g, yeast extract: 4 g, peptone: 2 g, agar: 12g in 1L of ASW

Modified Zhang’s medium, M2 [modified from Zhang’s medium (Zhang, et al.,

2006)]
Glycerol: 6ml, arginine: 1g, dipotassium phosphate (K2HPOs): 1g,

magnesium sulphate (MgSOg): 0.5g, agar: 12g, in 1L of ASW

Modified Zhang’s medium, M4 [modified from Zhang’s medium (Zhang, et al.,

2006)]
L-asparagine: 0.1 g, KoHPO4: 0.5g, MgSOa: 0.1g, peptone: 2g, sodium

propionate: 4g, agar: 12g in 1L of ASW
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Modified Zhang’s medium, M7 [modified from Zhang’s medium (Zhang et al.,
2006)]
Peptone: 2g, L-asparagine: 0.1 g, sodium propionate: 4g, KoHPO4: 0.5g,

MgSOs4: 0.1g, glycerol: 5g, agar: 12g in 1L of ASW

Modified Zhang’s medium, M8 [modified from Zhang’s medium (Zhang, et al.,
2006)]
Yeast extract: 4g, soluble starch: 15g, KoHPO4: 1g, MgSOa: 0.1g, agar: 129

in 1L of ASW

Modified AFMS agar, AFMS [modified from AFMS medium (Monciardini et al.,
2002)]
Glucose: 20g, yeast extract: 29, Soybean flour: 8g, calcium carbonate

(CaCO:s): 4q, agar: 18g in 1L of ASW

Modified International Streptomyces Project medium 2, GYMS [modified from
International Streptomyces Project medium 2, ISP2 (Shirling & Gottlieb, 1966)]

Yeast Extract: 4g, malt extract: 10g, dextrose: 4g, agar: 12g in 1L of ASW

Modified International Streptomyces Project medium 3, ISP3 [modified from

International Streptomyces Project medium 3 (Shirling & Gottlieb, 1966)]

Difco Oatmeal Agar: 72.5g in 1L of ASW

14



Modified International Streptomyces Project medium 4, ISP4 [modified from
International Streptomyces Project medium 4 (Shirling & Gottlieb, 1966)]

Difco ISP Medium 4: 37g in in 1L of ASW

Modified Waksman medium [modified from Waksman’s Glucose Agar
(Waksman, 1967)]
Glucose: 20g, beef extract: 5g, peptone: 5g, yeast extract: 3g, CaCOs: 39, agar:

12g in 1L of ASW

Muller-Hinton agar

Muller Hinton Broth: 21g, agar: 12g in 1L of type Il reverse osmosis water

Normal saline

Sodium chloride: 8g in 1L of type Il reverse osmosis water

SB buffer (Brody & Kern, 2004)
Preparation of 20X SB Buffer stock solution
4g of sodium hydroxide pellets were dissolved in 450mL of type Il reverse
osmosis water under constant agitation with magnetic stirrer. The pH was then
adjusted to 8.5 with boric acid. Total volume of the solution was then topped

up to 500mL with type 111 reverse osmosis water.

Preparation of 1X SB Buffer working solution

Stock solution of 20X SB Buffer was diluted to 1X with type Il reverse

0SMOosis water.
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3.2 Collection and preparation of samples
Specimens of seaweed, Padina antillarum (Dictyotales, Phaeophyceae) and its
surrounding soil sediments were collected in March 2008 from the intertidal beach of

Tanjung Tuan, Malacca (2° 24' N, 101° 51" E) during receding tide.

Seaweed specimens were placed in zip-lock plastic bags containing natural
seawater, soil sediments were pooled in 50ml sterile plastic collection tubes. All samples

were transported to the laboratory soonest.

In the laboratory, seaweed specimens were rinsed under running tap water, then

rinsed three times with sterile ASW and kept at 4°C until further use.

A portion of the soil sediments were spread unto sterile glass petri dishes and left
to air-dry at room temperature. The rest of the portion were and kept at 4°C until further

use.

3.3 Isolation of actinobacteria
Air-dried soil sediment (5g) was 10-fold serially diluted with sterile ASW to 10
8 whereas, 59 of Padina antillarum leaves were bead-beat for 3 minutes and the

homogenate was 10-fold serially diluted with sterile ASW to 1078,

Dilution was plated in triplicates onto MBA, 1/10MBA, MBG, MOA, MSC, PEA,
M1, M2, M4, M7 and M8. All media were adjusted to pH 8.0 + 0.2 (soil pH: 8.0) prior to
autoclaving at 121°C for 15mins. Media were then supplemented with potassium
dichromate, nystatin and/or cycloheximide (50pg/ml each) after autoclaving to control

fungal growth.
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Growth of actinobacteria was promoted by adopting the one of following
strategies: additional supplement of nalidixic acid (25ug/ml) into media, or prepared
dilution were incubated for 60°C for 15mins prior to plating. Both strategies were

employed to reduce the number of non-actinobacteria.

Plates were incubated at 24°C for 3 weeks. Enumeration (CFU/qg) of total bacteria
and putative actinobacteria were carried out on the seventh, fourteenth, and twenty-first

day during incubation.

Putative actinobacteria then were purified onto MBA and the isolation media
which the isolates were selected. Plates were incubated at 24°C. Medium that gives better

growth rate will be used for subsequent culturing.

Purified actinobacterial isolates were kept as slant culture and as 20% (w/v)
glycerol stock. The slant cultures were stored at room temperature and kept in dark while

20% (wi/v) glycerol stocks were kept in freezer at -20°C and -80°C.

All isolates were then clustered based colour-grouping of isolates were observed
from AFMS, GYMS, ISP3, ISP4, MBA and Waksman media, after 14 days incubation.
Colour grouping data was converted to binary data prior to clustering. Hierarchical cluster
analysis (Method: Between group linkage; Measure: Binary, Coefficients: Simple
matching, Jaccard, and Dice) was done using Statistical Product and Service Solutions

(SPSS) version 16.0 (IBM, United States of America).
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3.4  Salinity test

Salinity tolerance test as modified from method established by Kutzner (1981)
was conducted by incorporating 2%, 10%, and 15% (w/v) of sodium chloride (NaCl) into
MBAZ2 (as MBA but instead of ASW, ultrapure water was used). Isolates were also plated

on MBAZ2 as control. Plates were observed after 3, 5, 7 and 14 days of incubation at 28°C.

3.5  Antibacterial Assay

Purified isolates were grown on MBM for 10 days. Supernatant (centrifugation at
9000g for 30 minutes) was filtered sterilized (cellulose acetate membrane filter, pore size:
0.2um, Sartorius, Germany) and freeze-dried prior to reconstitution in ultrapure water at
the concentration of 1g/ml. The concentrated and sterilized supernatant were then tested
against Escherichia coli M2, , Staphylococcus aureus M33 and Bacillus subtilis M57 in
resazurin microtiter assay (REMA) (Sarker et al., 2007). Antibiotic stock of nalidixic
acid, penicillin G, ampicillin, neomycin and streptomycin (500mg/ml) was prepared. All
bacterial strains were obtained from culture collection of Institute of Biological Sciences
(Microbiology), Faculty of Science, University of Malaya. Each bacterial strain was first
grown overnight on Mueller-Hinton agar at 37°C. Pure colonies were then suspended in
1ml of sterile normal saline. The optical density of the suspension was then recorded. The
actual bacterial counts in the suspension were enumerated with haemocytometer.
Suspensions with different optical density were used for enumeration of the bacterial
count to obtain standard curves which were plotted with optical density of the suspension
against the actual bacterial count. Bacterial suspension (5 X 10° bacteria/ml) was then
used for REMA. The 0.1% (w/v) resazurin solution was prepared by dissolving resazurin
powder (Aldrich, United States of America) in ultrapure water. Resazurin solution was
then sterilized by filtration through a 0.2pum membrane. The resazurin solution is prepared

fresh when needed. The 96-well microtiter plates were prepared under aseptic conditions

18



in a biosafety cabinet (AirStream, Esco, Singapore). REMA were then used to test the
concentrated (100mg/ml) and sterilized supernatant. Supernatants were tested in
triplicates. Supernatant that shows bioactivity against either E. coli M2, S. aureus M33
and B. subtilis M57 were then used for a subsequent screening employing REMA to
determine the minimum inhibitory concentration (MIC) against the respective bacterial

strains.

The initial screening with REMA was set up with a final volume of 150pl in each
well containing 75ul of double strength Mueller-Hinton Broth, 30ul of bacterial
suspension (5 X 10° bacteria/ml), 15ul of supernatant stock (1g/ml) or 15l of antibiotic

stock (500mg/ml), 15ul of 0.1% resazurin solution and 15ul of ultrapure water.

The subsequent screening with REMA was set up with a final volume of 150pl in
each well containing 75ul of two times strength Mueller-Hinton Broth, 30ul of bacterial
suspension (5 X 10° bacteria/ml), 15ul of 10-fold sequentially diluted stock (initial final
concentration of 1200mg/ml) or 15ul of 10-fold sequentially diluted antibiotic stock (initial
final concentration of 50mg/ml), 15ul of 0.1% resazurin solution and 15ul of ultrapure

water.

All plates were incubated at 37°C for 18 hours. Bioactivity was determined

visually when the colour of resazurin solution changes from blue to purple or pink.
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3.6 Molecular Characterization
3.6.1 Total genomic DNA extraction

Pure cultures of purified isolates grown on MBA at 28°C were used for total
genomic DNA extraction using NucleoSpin® Tissue extraction kit (Macherey-Nagel,
Germany). Bacterial biomass was suspended in 180ul pre-lysis buffer (Buffer T1)
supplemented with lysozyme (20mg/ml) and incubated for one hour at 37°C.
Suspensions were then incubated overnight at 56°C after the addition of 25ul Proteinase
K (20mg/ml). Complete lysis of the suspension was obtained after the addition of 200pl
lysis buffer (Buffer B3) and incubation at 70°C for 10 minutes. Binding condition of the
lysates was adjusted with addition of 200ul molecular graded ethanol (Merck, Germany).
Pure genomic DNA was eluted from the binding silica membrane after filtration and
washing. Concentration of the eluted genomic DNA was determined with NanoDrop
2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, United States of America).
Genomic DNA was also examined for integrity and quality with 0.8% (w/v) agarose gel
electrophoresis, ran for 30mins at 100V in SB buffer. The genomic DNA was stored at -

20°C until use.

3.6.2 Gene fragment screening
Genotyping with Streptomycetaceae and Micromonosporaceae specific 16S rRNA
gene amplification

All isolates were screened with primer pairs for Streptomycetaceae and
Micromonosporaceae specific 16S rRNA gene fragment (Monciardini, et al., 2002).
Family-specific 16S rRNA gene fragment amplifications were first optimized using
Veriti® Thermal Cycler (Applied Biosystems, United States of America) in a final

volume of 20ul containing 20ng of genomic DNA, 10ul of 2X MyTag™ Mix (Bioline,
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United Kingdom), and 0.4l of 10uM of each primer. Annealing temperature, that yielded
the expected size of amplification product from the isolates previously identified with
16S rRNA, was selected as annealing temperature for subsequent amplification.
Amplified products were examined with 1.0% (w/v) agarose gel electrophoresis, ran for

45mins at 100V in SB buffer.

Streptomycetaceae specific amplification
PCR primers: Sm6F (5’- GGTGGCGAAGGCGGA -3°);
Sm5R (5- GAACTGAGACCGGCTTTTTGA -3)
Expected size of amplification product: 600bp
Amplifications profile: initial denaturation of 5 minutes at 95°C, followed by 35 cycles
of 45s at 95°C, 2 minutes at 68°C (optimization step: 65°C, 66°C, 68°C and 70°C) and 1

minute at 72°C, and final 10 minutes incubation at 72°C.

Micromonosporaceae specific amplification
PCR primers: M2F (5’- SAGAAGAAGCGCCGGCC -3,
A3R (5'- CCAGCCCCACCTTCGAC -3
Expected size of amplification product: 1000bp
Amplifications profile: initial denaturation of 5 minutes at 95°C, followed by 35 cycles
of 45s at 95°C, 2 minutes at 69°C (optimization step: 68°C, 68.5°C, 69°C and 70°C) and 1

minute at 72°C, and final 10 minutes incubation at 72°C.

PKSI and NRPS gene fragment screening
All isolates were also screened with degenerate primers for PKSI ketoacyl
synthase and methyl-malonyl transferase domains and NRPS adenylation domain

(Ayuso, et al., 2005). Gene fragment amplifications was carried out using Swift™ Maxi
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Thermal Cycler (Esco, Singapore) in a final volume of 50ul containing 50ng of genomic
DNA, 10ul of 5X Green GoTag® Flexi Buffer (Promega, United States of America), 3ul
of 25mM magnesium chloride, 1pl of 40mM dNTP Mix (Promega, United States of
America), 1ul of 10uM of each primer and 0.15pl of GoTag® Flexi DNA Polymerase
(Promega, United States of America). Amplified products were examined with 1.0%

(w/v) agarose gel electrophoresis ran for 45mins at 100V in SB buffer.

PKSI amplification
PCR primers: K1F (5’-TSAAGTCSAACATCGGBCA-3");
M6R (5-CGCAGGTTSCSGTACCAGTA-3)
Expected size of amplification product: 1200bp-1400bp
Amplifications profile: initial denaturation of 5 minutes at 95°C, followed by 35
cycles of 30s at 95°C, 2 minutes at 55°C and 4 minutes at 72°C, and final 10 minutes

incubation at 72°C.

NRPS amplification
PCR primers: A3F (5’-GCSTACSYSATSTACACSTCSGG-3’);
ATR (5'-SASGTCVCCSGTSCGGTAS-3)
Expected size of amplification product: 700bp-800bp
Amplifications profile: initial denaturation of 5 minutes at 95°C, followed by 35 cycles
of 30s at 95°C, 2 minutes at 59°C and 4 minutes at 72°C, and final 10 minutes incubation

at 72°C.
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3.6.3 Repetitive Sequence-derived Genotyping

Repetitive sequence-derived amplification using the BOXA1R primer was used
to generate genomic fingerprints of all the isolates. Genomic fingerprint amplifications
was first optimized using Veriti® Thermal Cycler (Applied Biosystems, United States of
America) in a final volume of 25ul containing 25ng of genomic DNA, 5ul of 5X Green
GoTag® Flexi Buffer (Promega, United States of America), 1.5ul of 25mM magnesium
chloride, 0.5ul of 40mM dNTP Mix (Promega, United States of America), 2.5ul of 20uM
BOXAI1R primer and 0.075ul of GoTag® Flexi DNA Polymerase (Promega, United
States of America) with four randomly selected isolates. Annealing temperature that
yielded clear banding patterns of amplification products was repeated three times to check
for reproducibility. Genomic fingerprint of all isolates were then generated at least twice.
Amplified products were examined with 2.0% (w/v) agarose gel electrophoresis ran for

90mins at 100V in SB buffer.

PCR primer: BOXAIR (5’- CTACGGCAAGGCGACGCTGACG -37);
Amplifications profile: initial denaturation of 7 minutes at 95°C, followed by 35 cycles
of 1 minute at 95°C, 1 minute at 55°C (optimization step: 55°C, 58°C, 60°C and 65°C) and

8 minutes at 72°C, and final 15 minutes incubation at 72°C.

All  fingerprinting patterns obtained from repetitive sequence-derived
amplification using the BOXA1R primer were also converted to binary data to be used
for hierarchical cluster analysis (Method: Between group linkage; Measure: Binary,

Coefficients: Simple matching, Jaccard, and Dice) using SPSS version 16.0.
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3.6.4 16S rRNA gene amplification, sequencing and analysis

Selected representative isolates were subjected to 16S rRNA gene amplification
for the purpose of identification. 16S rRNA gene fragment amplifications was carried out
using Swift™ Maxi Thermal Cycler (Esco, Singapore) in a final volume of 50pl
containing 50ng of genomic DNA, 10ul of 5X Green GoTag® Flexi Buffer (Promega,
United States of America), 3pl of 25mM magnesium chloride, 1l of 40mM dNTP Mix
(Promega, United States of America), 1ul of 10uM of each primer and 0.15ul of GoTag®

Flexi DNA Polymerase (Promega, United States of America).

PCR primers: 27F (5-AGAGTTTGATCMTGGCTCAG-3');
1492R (5-TACGGYTACCTTGTTACGACTT-3)
Expected size of amplification product: 1500bp
Full amplifications profile: initial denaturation of 5 minutes at 95°C, followed by 35
cycles of 45s at 95°C, 1 minute at 55°C and 1 minutes at 72°C, and final 10 minutes

incubation at 72°C.

The expected 1500bp amplified 16S rRNA gene fragment was purified using a
NucleoSpin® Gel and PCR Clean-Up kit (Macherey-Nagel, Germany) prior to
sequencing. The purified product were examined with 1.2% (w/v) agarose gel
electrophoresis, ran for 60mins at 100V in SB buffer. Concentration of the purified
product was determined with NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Fisher Scientific, United States of America). Sequencing of the amplified products was
carried out by commercial sequencing provider 1st BASE (BASE Life Sciences Holdings,
Malaysia) using BigDye® Terminator chemistry on the Applied Biosystems 3730xI DNA

Analyser.
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The 16S rRNA sequences were visually checked using Sequence Scanner
Software version 1.0 (Applied Biosystems, United States of America) and at least 600bp
were aligned with comparative sequences of reference type-strains retrieved from the
GenBank database through the EzTaxon server (Kim et al., 2012) using MEGA 5.0

(Tamura et al., 2011).
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CHAPTER 4

4.1 Isolation of actinobacteria

A total of 62 putative actinobacterial isolates were obtained from specimens of
seaweed, Padina antillarum (31 isolates) and its surrounding soil sediments (31 isolates)
from different media (Table 4.1, Appendix A) with highest number of soil isolates from

MBA and highest number of seaweed isolates from MOA.

Table 4.1: Number of putative actinobacteria isolated with different media.

Media Padina antillarum Soil
MBA 2
LMBA
MBG
MOA
MSC
PEA
M1
M2
M4
M7
M8
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All isolates were first clustered into either Streptomycetaceae or
Micromonosporaceae based on family specific PCR screening (Figures 4.1 and 4.2).
Isolates that are not tested positive were clustered as a third group. This clustering is in
line with other reports that also suggest that Micromonospora spp. and Streptomyces spp.
are extensively found at shore and aquatic environments (Bredholt et al., 2008;
Maldonado, et al., 2009). Twenty eight isolates (25 isolates from sediment, 3 from
Padina) were positive for Streptomycetaceae specific amplification, 19 (3 isolates from
sediment, 16 from Padina) were positive for Micromonosporaceae specific
amplification, while the other 15 isolates (3 isolates from sediment, 12 from Padina) were

negative for both Streptomycetaceae and Micromonosporaceae specific amplification.
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Figure 4.1: Streptomycetaceae-specific amplification with expected size of amplification product of 600bp.
Amplification profiles with different annealing temperature (65°C, 66°C, 68°C and 70°C) to select for the
optimum temperature that would yield expected amplification product. Samples selected as control were
previously identified by 16S rRNA gene sequences.

Annealing temperature:

Samples

16S rRNA gene sequence identification to

family
65°C 68°C 66°C 70°C
1 14 97 52 Gene Ruler_DN_A_ Ladder M_ix, ready-to-use (Thermo Fisher
Scientific Inc., United States of America)
2 15 28 40 PE 4 Micromonosporaceae
3 16 29 41 PE 14 Micromonosporaceae
4 17 30 42 PE 17 Micromonosporaceae
5 18 31 43 PE 28 Streptomycetaceae
6 19 32 44 PE 31 Pseudonocardiaceae
7 20 33 45 PE 32 Nocardiaceae
8 21 34 46 PE 36 Pseudonocardiaceae
9 22 35 47 PE 37 Nocardiaceae
10 23 36 48 SE1 Streptomycetaceae
11 24 37 49 SE 30 Streptomycetaceae
12 25 38 40 SE 42 Streptomycetaceae
13 26 39 51 SE 43 Streptomycetaceae

27



. %‘g4 ?’hﬁﬁi-* 8 91011121314 1516 1718 19 2021 222324 25 26 2728

8. 08 _'“".i‘.m i ib

&
W

i
Figure 4.2: Micromonosporaceae-specific amplification with expected size of amplification product of
1000bp. Amplification profiles with different annealing temperature (68°C, 68.5°C, 69°C and 70°C) to
select for the optimum temperature that would yield expected amplification product. Samples used as
control were previously identified by 16S rRNA gene sequencing.

- Lane - 16S rRNA gene sequence identification to
Annealing temperature: Samples family
68°C 68.5°C 69°C 70°C

1 8 15 22 PE 14 Micromonosporaceae

2 9 16 23 PE 17 Micromonosporaceae

3 10 17 24 PE 25 Micromonosporaceae

4 11 18 25 PE 29 Micromonosporaceae

5 12 19 26 PE 31 Pseudonocardiaceae

6 13 20 27 PE 35 Micromonosporaceae

7 14 21 28 Gene Ruler 100bp Plus DNA Ladder, ready-to-use (Thermo Fisher

Scientific Inc., United States of America)
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The colour grouping as delineation method based on colour observed on AFMS
(Figure 4.3), GYMS (Figure 4.4), ISP3 (Figure 4.5), ISP4 (Figure 4.6), MBA (Figure 4.7)
and Waksman (Figure 4.8) media was carried out. Each medium presented a dissimilar
colour-type: AFMS (14 colour-types), GYMS (12 colour-types), ISP3 (9 colour-types),
ISP4 (10 colour-types), MBA (14 colour-types) and Waksman (13 colour-types). Each
isolate was scored for ‘absence/presence’ in each colour-type. Combination of colour-
types has clustered members of Streptomycetaceae into 7 colour-groups, members of
Micromonosporaceae into 5 colour-groups and as for the rest of the isolates into 8 colour-
groups (Table 4.2) based on corresponding rescaled distance estimated from hierarchical
cluster analysis (Method: Between group linkage; Measure: Binary, Coefficients: Simple
matching, Jaccard, and Dice).

Concurrently to the colour grouping, isolates were also clustered based on
fingerprinting patterns obtained from repetitive sequence-derived amplification (Figure
4.9). Likewise, members of Streptomycetaceae were clustered into 13 fingerprinting
patterns, members of Micromonosporaceae into 9 fingerprinting patterns and as for the

rest of the isolates into 10 fingerprinting patterns (Table 4.3).

The grouping results obtained by phenotypic colour grouping and genotypic
fingerprinting revealed positive correlation (n = 61; correlation co-efficient: r = 0.989; p
< 0.0001). Furthermore, representative member of each grouping were identified on the
basis of pairwise similarity of the 16S rRNA gene sequences (Table 4.4). However,
isolate PE22, which was identified to be closely related to Bacillus viethamensis, were

then excluded from subsequent analysis.
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Figure 4.3: Pure culture of actinobacterial isolates inoculated onto AFMS. Isolates were grouped based on
colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also recorded.
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Figure 4.4: Pure culture of actinobacterial isolates inoculated onto GYMS. Isolates were grouped based on
colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also recorded.
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Figure 4.5: Pure culture of actinobacterial isolates inoculated onto ISP3. Isolates were grouped based on
colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also recorded.
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Figure 4.6: Pure culture of actinobacterial isolates inoculated onto ISP4. Isolates were grouped based on
colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also recorded.
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Figure 4.7: Pure culture of actinobacterial isolates inoculated onto MBA. Isolates were grouped based on
colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also recorded.
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Figure 4.8: Pure culture of actinobacterial isolates inoculated onto Waksman. Isolates were grouped based
on colour of the aerial (right) and substrate (left) mycelia. Diffusible pigment when present was also
recorded.
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Table 4.2: Colour-grouping of isolates based on colour of aerial mycelium, substrate mycelium and

pigmentation colour when grown on AFMS, GYMS, ISP3, ISP4, MBA and Waksman media.

Cluster Colour-group Isolates®
Streptomycetaceae 1 SE43P, SE44, SE45, SE46P, SE47, SE48°
(Rescaled distance: <20) 2 SE1°, SE2, SE10, SE11°, SE12, SE13, SE16, SE17,
SE18, SE19°, SE42°
3 SE5®, SE7
4 SE6°
5 PE25, PE30P, SE8, SE9°, SE40P
6 PE28P
7 SE27, SE30°
Micromonosporaceae 1 PE2, PE4®, PES, PE9, PE12, PE29®, PE35P, SE23°
(Rescaled distance: <5) 2 PE38°
3 PE13, PE14°, PE20®, PE21, PE23Y, PE24, SE22
4 SE24b
5 PE15, PE17P
Non-Streptomycetaceae 1 SE25, SE37°
and 2 PE32°
Non-Micromonosporaceae 3 PE36°
(Rescaled distance: <5) 4 SE31P
5 PE31°
6 PE5®, PE6°, PE7, PE10P, PE11
7 PE33, PE34, PE37"
8 PE22°

aPrefix PE denotes isolates from Padina antillarum; and SE denotes isolates from soil sediments

b Selected isolates identified with 16S rRNA gene sequences
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Figure 4.9: Repetitive sequence-derived amplification using the BOXALR primer was used to generate
genomic fingerprints. Amplification profiles with different annealing temperature (55°C, 58°C, 60°C and
65°C) to select for the optimum temperature that generate clear banding patterns (Lane 1-18).
Amplifications were then repeated in triplicates with single annealing temperature of 55°C (Lane 19-31).
Selected samples were previously identified by 16S rRNA gene sequence.

- Lane - 16S rRNA gene sequence identification to
Annealing temperature: Samples family
55°C  58°C  60°C  65°C
1 2 3 4 SE2 Streptomycetaceae
5 6 7 8 PE 31 Pseudonocardiaceae
11 12 13 14 PE 25 Streptomycetaceae
15 16 17 18 SE 31 Pseudonocardiaceae
Lane
Replicates: Samples 16S rRNA gene sequence identification to family
1 2 3
20 21 22 SE 2 Streptomycetaceae
23 24 25 PE 31 Pseudonocardiaceae
26 27 28 PE 25 Streptomycetaceae
29 30 31 SE 31 Pseudonocardiaceae

Lane 9, lane 10 and Lane 19: Gene Ruler 100bp Plus DNA Ladder, ready-to-use (Thermo Fisher Scientific
Inc., United States of America)
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Table 4.3: Clustering of isolates based on fingerprinting patterns obtained from repetitive sequence-derived

amplification.

Cluster

Fingerprinting patterns

Isolates?

Streptomycetaceae

(Rescaled Distance: <10)

1

© 0O N oo o B~ W N

e e =
w N P O

SE43°, SE44, SE45, SE47
SE5®, SE7

PE25, PE30P

SE18, SE19°

SE8, SE9P

SEG®

SE40°, SE48°

PE28P

SE1°, SE2

SE27, SE30°

SE42P

SE46P

SE10, SE11°, SE12, SE13, SE16, SE17

Micromonosporaceae

(Rescaled Distance: <10)

SE22, SE23°

PE2, PE4®

PE24, PE29P

PES, PE9, PE12, PE20°, PE21
PE15, PE17P

PE13, PE14P

PE23P

PE38°, SE24P

PE35P

Non-Streptomycetaceae and
Non-Micromonosporaceae

(Rescaled Distance: <5)

© 00 N O O B W N PO 00 N O 0B wWw N

[
o

SE25, SE37°
SE31P

PE6®, PE7

PE5SP

PE10° PE11
PE31P

PE32°

PE22°

PE36°

PE33, PE34, PE37°

2 Prefix PE denotes isolates from Padina antillarum; SE denotes isolates from soil sediments

b Selected isolates identified with 16S rRNA gene sequences
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Table 4.4: Identification of the representative strains based on phenotypic colour and genotypic fingerprinting pattern prior to 16S rRNA sequence based identification.

Cluster Isolates®? GenBank Accession number Closest 16S rRNA identification (Pairwise similarity, %)
Streptomycetaceae SE43 KJ174478 Streptomyces griseoincarnatus group® (99.45)
SE46 KJ174479 S. wuyuanensis (99.83)
SE48 KJ174486 S. wuyuanensis (99.83)
SE40 KJ174480 S. ginglanensis (99.65)
PE30 KJ174482 S. ginglanensis (99.40)
SE9 KJ174481 S. ginglanensis (99.73)
SE1 KJ174483 S. ginglanensis (99.86)
SE11 KJ174477 S. ginglanensis (99.72)
SE19 KJ174484 S. ginglanensis (99.78)
SE42 KJ174485 S. rochei group® (100.0)
PE28 KJ174476 S. rochei group® (100.0)
SE5 KJ174473 S. wuyuanensis (99.89)
SE6 KJ174475 S. matensis (100.0)
SE30 KJ174474 S. iranensis (97.34)
Micromonosporaceae PE4 KJ174487 Micromonospora tulbaghiae (100.0)
PE29 KJ174488 M. aurantiaca (99.90)
PE35 KJ174489 M. aurantiaca (100.0)
SE23 KJ174490 M. aurantiaca (100.0)
PE20 KJ174491 M. aurantiaca (100.0)
PE23 KJ174492 M. aurantiaca (100.0)
PE14 KJ174493 M. chalcea (99.80)
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Table 4.4, continued

Cluster Isolates®? GenBank Accession number Closest 16S rRNA identification (Pairwise similarity, %)
Micromonosporaceae PE38 KJ174494 M. maritima (100.0)

SE24 KJ174495 M. maritima (100.0)

PE17 KJ174496 Verrucosispora gifhornensis (99.62)
Non-Streptomycetaceae and SE37 KJ191451 Tsukamurella inchonensis (99.81)
Non-Micromonosporaceae PE32 KJ191452 Williamsia muralis (99.61)

SE31 KJ136015 Sciscionella marina (98.79)

PE6 KJ191453 S. marina (99.15)

PE5 KJ191454 S. marina (99.66)

PE10 KJ191455 S. marina (98.29)

PE31 KJ191456 Pseudonocardia kunmingensis (98.97)

PE37 KJ191457 Nocardia nova (99.85)

PE36 KJ136014 Prauserella marina (96.14)

2PE denotes isolates from Padina antillarum; SE denotes isolates from soil sediments.

b Selected isolates identified with 16S rRNA gene sequences. GenBank accession number given in the following column.

¢ A taxonomic group includes species that are not distinguishable by 16S rRNA gene sequence.
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4.2 Salinity test

All isolates have salinity tolerance to MBA2 supplemented with 2% NaCl, and
does not require the presence of sodium for growth (i.e. all grow on MBA2), though better
growth rate were observed for isolates on MBA2 supplemented with 2% NaCl as growth
of isolates was observed by the third day of incubation, but growth of isolates on MBA2
(0% NaCl) was only observed after the fifth day.

Only eleven isolates (three from seaweed and eight from sediment samples) that
can tolerate 10% NacCl, and only two isolates (one from each seaweed and sediment

samples) that can tolerate up to 15% of NaCl after 14 days of incubation (Table 4.5).

Table 4.5: Salinity tolerance of isolates from specimens of seaweed, Padina antillarum (total: 30 isolates)

and its surrounding soil sediments (total: 31 isolates) when grown on MBA2 at 28°C.

) Salinity test (% NaCl)
No. of isolates

0 2 10 15
Isolated from Padina antillarum 30 30 3 1
Isolated from soil sediments 31 31 8 1
Total number of isolates 61 61 11 2

4.3  Presence of PKSI and NRPS gene fragment and antibacterial activity
Sixty-one isolates were initially tested against E. coli M2, S. aureus M33 and B.
subtilis M57 using REMA (Figure 4.10). A subsequent screening was carried to

determine the minimum inhibitory concentration against the respective bacterial strains.
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Figure 4.10: Primary screening employing REMA to test the concentrated (final concentration: 200mg/ml)
and sterilized supernatant for bioactivity against either E. coli M2 (Set A), S. aureus M33 (Set B) or B.
subtilis M57 (Set C). Bioactivity is determined by the colour changes from blue to purple or pink.
Placements of each solution were as table below. Solutions that show bioactivity in two of the three
replicates will be confirmed with secondary screening.

1 2 3 4 5 6 7 8 9
A PE2 PE4 PE5 PE6 PE7 PES8 PE9 PE10 Nalidixic acid
B PE11 PE12 PE13 PE14 PE15 PEl7 PE20 PE21 Neomycin
C PE22 PE23 PE24 PE25 PE28 PE29 PE30 PE31 Streptomycin
D PE32 PE33 PE34 PE35 PE36 PE37 PE38 SE1 Penicillin G
E SE2 SE5 SE6 SE7 SE8 SE9 SE10 SE11 Ampicillin
Ultrapure
F SE12 SE13 SE16 SE17 SE18 SEI19 SE22 SE23
water
Ultrapure
G SE24 SE25 SE27 SE30 SE31 SE37 SE40 SE42
water
Ultrapure Ultrapure Ultrapure

H SE43 SE44 SE45 SE46 SE47 SE48
water water water
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Thirty-nine isolates showed activities against one or more of the test bacteria when
screened (Table 4.6). Thirty-two isolates were active against S. aureus M33 (Appendix
B), twenty-two isolates showed activity against B. subtilis M57 (Appendix C), and ten
isolates were active against E. coli M2 (Appendix D). The MIC ranged from 100mg/ml
to Img/ml. Incidentally, though ten isolates showed broad spectrum bioactivity and
twenty-nine isolates were antagonistic against S. aureus M33 and B. subtilis M57 only,

however, no isolates were antagonistic against E. coli M2 only.

Table 4.6: Distribution of isolates from different samples antagonistic against test bacteria

] Test bacteria
No. of isolates

S. aureus M33 B. subtilis M57 E. coli M2
Isolated from Padina antillarum 18 2 1
Isolated from soil sediments 14 20 9
Total number of isolates 32 22 10

All isolates were also screened with degenerate primers for PKSI ketoacyl
synthase and methyl-malonyl transferase domains and NRPS adenylation domain. PKSI
gene was detected in 37 isolates (21 of seaweed isolates and 16 of sediment isolates) and
NRPS gene was detected in 47 isolates (21 isolates of seaweed and 26 of sediment

isolation) (Table 4.7). Eleven isolates yielded negative for either PKS1 or NRPS gene.

Table 4.7: Distribution of isolates with PKSI and NRPS gene fragment

Source of isolates  PKSlonly NRPSonly PKSIand NRPS Notdetected Total isolates

Padina antillarum 1 6 20 3 30
Soil sediments 2 7 14 8 31
Total isolates 3 13 34 11 61

Furthermore, distribution of the presence of gene cluster and antibacterial activity
of isolates were also compared (Table 4.8). Generally, the presence of gene cluster and

antibacterial activity showed no association (n = 61; phi co-efficient, ¢ = 0.09).
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Table 4.8: Presence of gene cluster and antibacterial activity

Gene cluster Antibacterial No. of isolates

(PKSI and/or NRPS) activity Padina antillarum  Soil sediments  Total isolates
Present Present 18 15 33

Present Absent 9 8 17

Absent Present 0 6 6

Absent Absent 3 2 5

Nonetheless, six Streptomyces isolates exhibited detectable antibacterial activity
but were tested negative for either PKS1 or NRPS gene. Additionally, 4 isolates each
from the genera Streptomyces and Micromonospora, 2 isolates each from the genera
Verrucosispora and Sciscionella, and one isolate each from the genera Tsukamurella,
Williamsia, Prauserella, Pseudonocardia and Nocardia, that were positive for either

PKS1 or NRPS gene do not exhibit detectable antibacterial activity (Table 4.9).
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Table 4.9: Distribution of bioactive isolates with gene cluster

Cluster

Genus

Isolates with bioactivity

highlighted in bold

Isolates with biosynthetic

gene cluster (PKSI or
NRPS) highlighted in bold

Streptomycetaceae

Streptomyces

PE25, PE28, PE30, SE1,
SE2, SE5, SE6, SE7, SES,

PE25, PE28, PE30, SE1,
SE2, SE5, SE6, SE7, SES8,

SE9, SE10, SE11, SE12, SE9, SE10, SE11, SE12,
SE13, SE16, SE17, SE18, SE13, SE16, SE17, SE18,
SE19, SE27, SE30, SE40, SE19, SE27, SE30, SE40,
SE42, SEA3, SE44, SE45, SEA42, SEA3, SE44, SE45,
SE46, SE47, SE48 SE46, SE47, SE48
Micromonosporaceae Micromonospora PE2, PE4, PE8, PE9, PE2, PE4, PE8, PE9,
PE12, PE13, PE14, PE20, PE12, PE13, PE14, PE20,
PE21, PE23, PE24, PE29, PE21, PE23, PE24, PE29,
PE35, PE38, SE22, SE23, PE35, PE38, SE22, SE23,
SE24 SE24
Verrucosispora PE15, PE17 PE15, PE17
Non- Tsukamurella SE25, SE37 SE25, SE37
Streptomycetaceae Williamsia PE32 PE32
and Prauserella PE36 PE36
Non- Sciscionella PE5, PE6, PE7, PE10, PE5, PE6, PE7, PEI10,
Micromonosporaceae PE11, SE31 PE11, SE31
Pseudonocardia  PE31 PE31

Nocardia

PE33, PE34, PE37

PE33, PE34, PE37
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CHAPTER 5

5.1 Characterization and identification of actinobacterial isolates

In this study, sixty one actinobacterial isolates was isolated from intertidal
sediment samples and Padina antillarum (Dictyotales, Phaeophyceae) from Tanjung
Tuan (Cape Rachado), Port Dickson, Malaysia. However, marine actinobacterial isolates
sensu stricto should only include members of the taxonomic group indigenous to the
marine environment (Ward & Bora, 2006). However, it is difficult to establish that they
are indigenous to the marine environment (Tsueng & Lam, 2008; Imada, et al., 2010;
Khan, et al., 2010). Nonetheless, the salinity test was conducted to determine the effect
of sodium chloride on the isolates to facilitate the subsequent culturing and maintenance
of the isolates. All isolates have sodium tolerance up to 2%. Though growth was observed
in media without additional NaCl, better growth rates were observed on media
supplemented with 2% NaCl. Although the specific requirement of sodium salt has been
identified as a primary characteristic of marine actinobacteria, however, the quantity,
stability, and uniqueness of the sodium requirement are not established (Khan, et al.,
2010). Our observations have shown that the isolates have adapted to have higher growth
rate in higher salinity environment. Furthermore, there are reports that the production of
secondary metabolites by marine actinobacteria are only triggered under halophilic
conditions (Okami, et al., 1976; Imada, et al., 2007; Tsueng & Lam, 2008; Imada, et al.,

2010).

Nonetheless, the characteristically diverse Gram-positive actinobacteria is
characterized mainly with its high guanine and cytosine content in its DNA
(Stackebrandt, et al., 1997), therefore, it is important to be able to putatively group the
isolates into smaller working taxonomic units prior to phenotypic characterisation and

genotyping. Hence, isolates were first screened with primers sets specific for
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Streptomycetaceae and Micromonosporaceae as members of these families are often
isolated in abundance from the marine environment (Ward & Bora, 2006; Yoshida, et al.,
2008; Maldonado, et al., 2009). This approach allows for 47 of 61 isolates to be clustered
as either Streptomycetaceae (28 isolates) or Micromonosporaceae (19 isolates. Most of
the isolates belonging to the family Streptomycetaceae derived from the sediments
whereas, most of the non-Streptomycetaceae isolates were derived from Padina
antillarum. The ecological implication of this observation, however, had not been

thoroughly explored.

Subsequently, each cluster (‘Streptomycetaceae’, ‘Micromonosporaceae’, or
‘Non-Streptomycetaceae and  Non-Micromonosporaceae’) were subjected to
simultaneous characterization through colony phenotyping and molecular genotyping.
Thirty four representative member selected from the grouping were identified through

16S rRNA gene sequence (Table 4.4).

The identified isolates revealed that genotyping based on fingerprinting patterns
obtained from repetitive sequence-derived amplification showed higher resolution than
colony phenotyping based on colour-grouping (colour of aerial mycelium, substrate
mycelium and pigmentation colour) of the isolates grown on different media. Identified
isolates belonging to the same species were assembled into many different single-member
or two-members grouping when clustering were based on fingerprinting patterns.
Molecular-typing had been known to have higher resolution than phenotypic approach,
whereby, molecular-typing, in some cases could distinguish synonymous species or
differentiate isolates within the same species (Lanoot et al., 2004; Guo et al., 2008).
Therefore, genomic variation within the same species could yield different banding

patterns among the isolates of the same species.
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On the other hand, some of the identified isolates belonging to different species
were assembled into the same grouping when clustering was based on colour of the
isolates grown on different media. This may due to the morphological similarity between
closely related species when characterised solely on colour of the isolates grown on
different media. However, phenotyping especially through the numerical taxonomy
approaches for the Actinobacteria had been used for systematic and classification studies,
in which species and isolates were differentiated and delineated (Austin et al., 1977,
Goodfellow et al., 1979; Goodfellow et al., 1990; Grund & Kroppenstedt, 1990). This
phenotyping approach, especially, for the Streptomyces had been helpful in species
identification and now is the minimal standard of characterization of the member of the
genus (Shirling & Gottlieb, 1966; Kampfer et al., 1991; Kampfer, 2012). Commercial
kits such as API® identification Kits (bioMérieux Inc., United States of America), Biolog
Microbial ID System (Biolog, Inc., United States of America) and BBL™ Crystal™
Identification System (Becton, Dickinson and Company, United States of America) have
also utilises phenotypic approach for microbial identification and characterization. Thus,
the heart of phenotyping approach relies heavily on the total number of test and the

amount of character useful to differentiate and describe the isolates.

Consequently, phenotypic and genotypic approaches were used simultaneously
for the delineation of the isolates enabling the identification of all species isolated in this
study as both phenotypic and genotypic approaches revealed positive correlation
(correlation co-efficient: r = 0.989; p < 0.0001). Molecular identification by 16S rRNA

gene revealed five families, nine genera, and 17 species namely Streptomycetaceae
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(Streptomyces griseoincarnatus group!, S. iranensis, S. matensis, S. ginglanensis, S.
rochei group? and S. wuyuanensis), Micromonosporaceae (Micromonospora aurantiaca,
M. chalcea, M. maritima, M. tulbaghiae and Verrucosispora gifhornensis),
Pseudonocardiaceae (Prauserella marina, Pseudonocardia kunmingensis, and
Sciscionella marina), Nocardiaceae (Nocardia nova and Williamsia muralis) and

Tsukamurellaceae (Tsukamurella ichonensis).

Furthermore, strain PE36 may possibly be a novel species within the genus
Prauserella, with 16S rRNA gene sequence showed highest pairwise similarity of with
Prauserella marina MS498T (96.73%) and pairwise similarity of 96.30% with both
Prauserella rugosa DSM 43194 and Saccharomonospora azurea NA-1287. The 16S
rRNA gene sequence similarities between members of the genus Prauserella range from
95.8% to 100%. The phylogenetic analysis also revealed that the genus Prauserella is
most closely related to the genus Saccharomonospora and forms a distinctive branch
within the family Pseudonocardiaceae (Labeda et al., 2011; Kim & Goodfellow, 2013)

(Figure 5.1).

1 A taxonomic group which includes S. griseoincarnatus (Pridham et al., 1958), S. variabilis (Pridham, et
al., 1958), S. labedae (Lacey, 1987) and S. erythrogriseus (Falcdo de Morais & Maia, 1959) that are not
distinguishable by 16S rRNA sequence.

2 A taxonomic group which includes S. rochei (Berger et al., 1953), S. enissocaesilis (Gause et al., 1983),
S. plicatus (Pridham, et al., 1958), S. geysiriensis (Wallhausser et al., 1965), S. ghanaensis (Wallhausser,
etal., 1965) and S. vinaceusdrappus (Pridham, et al., 1958) that are not distinguishable by 16S rRNA
sequence.
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Figure 5.1: Consensus neighbour-joining tree (Kimura 2-parameter method) was constructed for
phylogenetic analysis of strain PE36 and 28 representative members of its closest relative within the family
Pseudonocardiaceae, based on 1344bp of the 16S rRNA gene sequence. The bootstrap consensus tree was
inferred from 1000 replicates. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test is shown next to the branches. The tree is drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the phylogenetic tree (bar, 1% sequence
divergence). Micrococcus luteus NCTC 2665(Type-strain) (GenBank accession number: CP001628) was

used as outgroup.
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Additionally, strain SE31 could also possibly be a new member of the genus
Sciscionella on the basis of 16S rRNA gene sequence analysis (Figure 5.2). Moreover,
two genome-based species delineation approaches were then employed to infer whole-
genome distances between the genome of Sciscionella strain SE31 (Appendix E) and the
genome of S. marina DSM 451527 for the purpose of estimating the relatedness between
both strains (Richter & Rossell6-Mora, 2009). These two different approaches revealed
that strain SE31 could possibly be a novel species based on estimated of 54.4% DNA-
DNA hybridization (Meier-Kolthoff et al., 2013) and 92.6% average nucleotide identity
(Goris et al., 2007). The genus Sciscionella currently contains Gram-positive aerobic
marine bacterium, and since the initial description of the genus in 2009, with the type-
species S. marina, no additional new species have been described (Tian et al., 2009;
Labeda & Goodfellow, 2012). The type species S. marina was isolated from a grey sand
sediment at a depth about 500 m of South China Sea (Tian, et al., 2009). Recently, a
bacterial strain isolated from the blood culture of a lymphoma patient was reported to this

species (Sinha et al., 2013).
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Figure 5.2: Consensus neighbour-joining tree (Kimura 2-parameter method) was constructed for
phylogenetic analysis of strain SE31 and 27 representative members of its closest relative within the family
Pseudonocardiaceae, based on 1217bp of the 16S rRNA gene sequence. The bootstrap consensus tree was
inferred from 1000 replicates. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test is shown next to the branches. The tree is drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the phylogenetic tree (bar, 0.5%
sequence divergence). Micrococcus luteus NCTC 2665(Type-strain) (GenBank accession number:

CP001628) was used as outgroup.
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5.2  Antibacterial activity and potential of actinobacterial isolates

Bioactive metabolites that are analogous of a bioactive compound may not
necessarily be indicative of similar bioactivity (Han et al., 2012). Therefore, bioassay
guided profiling of isolates for the selection of bioactive compound is still widely used
for the target of specific function (Strobel & Daisy, 2003; Sacramento et al., 2004; Bull
& Stach, 2007; Saurav et al., 2013; Schulze, et al., 2013). Therefore, this study is focused
solely on antibacterial activity against Escherichia coli, Staphlylococcus aureus and

Bacillus subitilis.

Moreover, it would suffice that with a genome that has a higher number of
biosynthetic gene clusters, molecular screening approach is more likely to result in a
positive hit. Hence, simply surveying culturable isolates for genes encoding for
polyketides and non-ribosomal peptides can be helpful for determining a possible
potential of the isolate (Ayuso, et al., 2005; Ostash, et al., 2005; Schirmer, et al., 2005;
Savic & Vasiljevic, 2006; Baltz, 2007). In this study, all but four of the isolates belonging
to the family Streptomycetaceae that tested positive for the biosynthetic gene cluster, also
exhibited bioactivity. Furthermore, out of 19 Micromonosporaceae isolates, only six of
the isolates do not exhibit any detectable antibacterial activity although tested positive for
the biosynthetic gene cluster. Additionally, of the 11 isolates belonging neither to
Streptomycetaceae nor Micromonosporaceae which tested positive for the biosynthetic
gene cluster, only four exhibited bioactivity. This showed that although a positive hit in
molecular gene screening provide evidence of the production of a corresponding
metabolites, however, it may also indicate the existence of further metabolic pathways of
secondary metabolite synthesis not detected in the current bioassay screening (Pimentel

Elardo, 2008; Schneemann, et al., 2010).

53



But on the other hand, the 17 isolates that do not inhibit any of the test bacteria
but possess PKS1 and/or NRPS gene clusters may not be expressing these genes. In
another study, Laureti et al. (2011) were able to isolate polyketide, stambomycins, that
are not usually expressed under laboratory growth condition by activation of a silent gene
in Streptomyces ambofaciens. Moreover, many of these genes appeared cryptic and the
functions are yet to be elucidated (Komaki & Harayama, 2006), therefore the isolates
maybe producing novel polyketides and/or peptides that could not be detected from the

antibacterial assay screening.

Contrarily, the lack of detectable gene fragments in six Streptomycetaceae isolates
does not definitely prove the absence of a biosynthetic gene clusters as there are also other
metabolites and other biosynthetic pathways that may exist in the genomes but not picked
up during PCR screening (Nett et al., 2009; Jiménez, et al., 2010; Schneemann, et al.,

2010).

In comparison with other studies, this study that survey the actinobacteria isolated
from marine environment has shown that PKSI and NRPS were detected in 61% and 77%
of the isolates respectively. Study done by Qin et al. (2009) showed that PKSI and NRPS
detected in endophytic actinomycetes isolated from medicinal plants collected from
tropical rainforest were 11% and 26%, respectively. This is in contrast with the survey
done by Ayuso, et al. (2005) on terrestrial actinomycetes isolated from tropical soils
collected on Martinique, Central America that showed 62% detection of PKSI and 66%
detection of NRPS. Furthermore, survey of the presence of PKS1 and NRPS in the
actinomycetes type-isolates available at Merck Culture Collection had shown 57% and

80% respectively (Ayuso-Sacido & Genilloud, 2005).
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Since majority of actinobacteria-derived compounds are usually shown to be
complex polyketides and non-ribosomal peptides (Donadio, et al., 2007; Minowa, et al.,
2007; Lin, et al., 2009; Donadio, et al., 2010; Jiménez, et al., 2010; Schneemann, et al.,
2010; Han, et al., 2012; Jang et al., 2013; Palaniappan et al., 2013) and no other
taxonomic groups have devoted such high percentages of the coding capacity to
polyketide and non-ribosomal peptide functions as in actinobacteria (Baltz, 2008), thus
this further emphasizes the rationale to focus compound discovery efforts on

actinobacteria through bioactivity guided assay and molecular gene screening.
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CHAPTER 6

A total of 61 isolates of actinobacteria were isolated and characterized from
marine sediments and Padina antillarum. All isolates do not require the presence of NaCl
for growth but better growth rate was observed when cultured with 2% NaCl. The
combined phenotypic and genotypic approaches used simultaneously for the delineation
of the isolates enabled the identification of all species isolated in this study. Molecular
identification by 16S rRNA gene sequence analysis revealed the presence of members of
Streptomycetaceae, Micromonosporaceae, Pseudonocardiaceae, Nocardiaceae and
Tsukamurellaceae from the samples. The actinobacteria isolates were tested for
antibacterial activity and 39 isolates showed activity against one or more of the test
bacteria. Additionally, the actinobacteria isolated from marine environment has shown
that PKSI and NRPS were detected in 61% and 77% of the isolates respectively. The
higher number of positive hit in molecular gene screening had indicated the possible
existence of further metabolic pathways of secondary metabolite synthesis not detected
in the antibacterial bioassay. Furthermore, the genome analysis of isolate SE31 revealed
potentially new source of antibiotics and the possibility of pathogenicity of environmental
isolates. This study had shown that the actinobacteria isolated from the marine
environment remain to be of interest for the discovery of new species and potential new

source of bioactive compounds.

56



REFERENCES

Abbas, I. H. (2006). A biological and biochemical studies of actinomycetes isolated from
Kuwait saline soil. Journal of Applied Science Research, 2(10), 809-815.

Atlas, R. M. (2004). Handbook of Microbiological Media (3rd ed.). Florida: CRC Press
LLC.

Austin, B., Calomiris, J. J., Walker, J. D., & Colwell, R. R. (1977). Numerical taxonomy
and ecology of petroleum-degrading bacteria. Applied and Environmental
Microbiology, 34(1), 60-68.

Ayuso-Sacido, A., & Genilloud, O. (2005). New PCR primers for the screening of NRPS
and PKS-1 systems in actinomycetes: detection and distribution of these
biosynthetic gene sequences in major taxonomic groups. Microbial Ecology,
49(1), 10-24.

Ayuso, A., Clark, D., Gonzélez, 1., Salazar, O., Anderson, A., & Genilloud, O. (2005). A
novel actinomycete strain de-replication approach based on the diversity of
polyketide synthase and nonribosomal peptide synthetase biosynthetic pathways.
Applied Microbiology and Biotechnology, 67, 795-806.

Baltz, R. H. (2007). Antimicrobials from actinomycetes: Back to the future. Microbe, 2,
125-131.

Baltz, R. H. (2008). Renaissance in antibacterial discovery from actinomycetes. Current
Opinion in Pharmacology, 8(5), 557-563.

Banskota, A. H., McAlpine, J. B., Sgrensen, D., Aouidate, M., Piraee, M., Alarco, A.-M.,
... Zazopoulos, E. (2006). Isolation and identification of three new 5-alkenyl-3,
3 (2H)-furanones from two Streptomyces species using a genomic screening
approach. The Journal of Antibiotics, 59(3), 168-176.

Berger, J., Jampolsky, L. M., & Goldberg, M. W. (1953). A guide to the classification of
the actinomycetes and their antibiotics. In S. A. Waksman & H. A. Lechevalier
(Eds.), A Guide to the Classification of the Actinomycetes and their Antibiotics.
Baltimore: The Williams & Wilkins Co.

Bredholt, H., Fjervik, E., Johnsen, G., & Zotchev, S. B. (2008). Actinomycetes from
sediments in the Trondheim Fjord, Norway: Diversity and biological activity.
Marine Drugs, 6, 12-24.

Brody, J. R., & Kern, S. E. (2004). Sodium boric acid: a Tris-free, cooler conductive
medium for DNA electrophoresis. BioTechniques, 36(2), 214-217.

Bull, A. T., & Stach, J. E. M. (2007). Marine actinobacteria: new opportunities for natural
product search and discovery. Trends in Microbiology, 15(11), 491-499.

Bull, A. T., Stach, J. E. M., Ward, A. C., & Goodfellow, M. (2005). Marine
actinobacteria: perspectives, challenges, future directions. Antonie van
Leeuwenhoek, 87(1), 65-79.

57



Bull, A. T., Ward, A. C., & Goodfellow, M. (2000). Search and discovery strategies for
biotechnology: The paradigm shift. Microbiology and Molecular Biology
Reviews, 64(3), 573-606.

Carvalho, C. C. C. R. d., & Fernandes, P. (2010). Production of metabolites as bacterial
responses to the marine environment. Marine Drugs, 8, 705-727.

Chew, Y. L., Lim, Y. Y., Omar, M., & Khoo, K. S. (2008). Antioxidant activity of three
edible seaweeds from two areas in South East Asia. LWT - Food Science and
Technology, 41, 1067-1072

Donadio, S., Maffioli, S., Monciardini, P., Sosio, M., & Jabes, D. (2010). Antibiotic
discovery in the twenty-first century: current trends and future perspectives. The
Journal of Antibiotics, 63(8), 423-430.

Donadio, S., Monciardini, P., & Sosio, M. (2007). Polyketide synthases and nonribosomal
peptide synthetases: the emerging view from bacterial genomics. Natural Product
Reports, 24, 1073-1109.

Engel, S., Puglisi, M. P., Jensen, P. R., & Fenical, W. (2007). Antimicrobial activities of
extracts from tropical Atlantic marine plants against marine pathogens and
saprophytes. Marine Biology, 149(5), 991-1002.

Eom, S.-H., Kim, Y.-M., & Kim, S.-K. (2013). Marine bacteria: potential sources for
compounds to overcome antibiotic resistance. Applied Microbiology and
Biotechnology, 97(11), 4763-4773. doi: 10.1007/s00253-013-4905-y

Falcdo de Morais, J. O., & Maia, M. H. D. (1959). S. erythrogriseus: novo Streptomyces
produtor de antibiotico. Revista do Instituto de Antibioticos, Universidade do
Recife, 2, 63-67.

Fortman, J. L., & Sherman, D. H. (2005). Utilizing the power of microbial genetics to
bridge the gap between the promise and the application of marine natural products.
ChemBioChem, 6(6), 960-978.

Gause, G. F., Preobrazhenskaya, T. P., Sveshnikova, M. A., Terekhova, L. P., &
Maximova, T. S. (1983). A Guide for the Determination of Actinomycetes.
Genera Streptomyces, Streptoverticillium and Chainia. Moscow: Nauka.

Gillespie, D. E., Brady, S. F., Bettermann, A. D., Cianciotto, N. P., Liles, M. R., Rondon,
M. R., . . . Handelsman, J. (2002). Isolation of antibiotics turbomycin a and B
from a metagenomic library of soil microbial DNA. Applied and Environmental
Microbiology, 68(9), 4301-4306.

Goodfellow, M., Alderson, G., & Lacey, J. (1979). Numerical taxonomy of Actinomadura
and related actinomycetes. Journal of General Microbiology, 112(1), 95-111.

Goodfellow, M., & Fiedler, H.-P. (2010). A guide to successful bioprospecting: informed
by actinobacterial systematics. Antonie van Leeuwenhoek, 98, 119-142.

Goodfellow, M., & Haynes, J. A. (1984). Actinomycetes in marine sediments. In L. Ortiz-
Ortiz, L. F. Bjalil & V. Yakoleff (Eds.), Biological, Biochemical and Biomedical
Aspects of Actinomycetes (pp. 453-472). London: Academic Press.

58



Goodfellow, M., Stanton, L. J., Simpson, K. E., & Minnikin, D. E. (1990). Numerical and
chemical classification of Actinoplanes and some related actinomycetes. Journal
of General Microbiology, 136(1), 19-36.

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme, P., & Tiedje,
J. M. (2007). DNA-DNA hybridization values and their relationship to whole-
genome sequence similarities. International Journal of Systematic and
Evolutionary Microbiology, 57(1), 81-91.

Grund, E., & Kroppenstedt, R. M. (1990). Chemotaxonomy and numerical taxonomy of
the genus Nocardiopsis Meyer 1976. International Journal of Systematic
Bacteriology, 40(1), 5-11.

Guo, Y., Zheng, W., Rong, X., & Huang, Y. (2008). A multilocus phylogeny of the
Streptomyces griseus 16S rRNA gene clade: Use of multilocus sequence analysis
for streptomycete systematics. International Journal of Systematic and
Evolutionary Microbiology, 58(1), 149-159.

Han, Z., Xu, Y., McConnell, O., Liu, L., Li, Y., Qi, S., . .. Qian, P. (2012). Two
Antimycin A Analogues from Marine-Derived Actinomycete Streptomyces
lusitanus. Marine Drugs, 10(3), 668-676.

Hopwood, D. A., & Sherman, D. H. (1990). Molecular genetics of polyketides and its
comparison to fatty acid biosynthesis. Annual Review of Genetics, 24, 37-62.

Ibtissam, C., Hassane, R., José, M.-L., Francisco, D. S. J., Antonio, G. V. J., Hassan, B.,
& Mohamed, K. (2009). Screening of antibacterial activity in marine green and
brown macroalgae from the coast of Morocco. African Journal of Biotechnology,
8(7), 1258-1262.

Imada, C., Koseki, N., Kamata, M., Kobayashi, T., & Hamada-Sato, N. (2007). Isolation
and characterization of antibacterial substances produced by marine
actinomycetes in the presence of seawater. Actinomycetologica, 21, 27-31.

Imada, C., Masuda, S., Kobayashi, T., Hamada-Sato, N., & Nakashima, T. (2010).
Isolation and characterization of marine and terrestrial actinomycetes using a
medium supplemented with NaCl. Actinomycetologica, 24, 12-17.

Ismet, A., Vikineswary, S., Paramaswari, S., Wong, W. H., Ward, A., Seki, T., . ..
Goodfellow, M. (2004). Production and chemical characterization of antifungal
metabolites from Micromonospora sp. M39 isolated from mangrove rhizosphere
soil. World Journal of Microbiology and Biotechnology, 20(5), 523-528.

Jang, K. H., Nam, S.-J., Locke, J. B., Kauffman, C. A., Beatty, D. S., Paul, L. A., &
Fenical, W. (2013). Anthracimycin, a Potent Anthrax Antibiotic from a Marine-
Derived Actinomycete. Angewandte Chemie International Edition, 52, 7822-
7824.

Jeffrey, L. S. H. (2008). Isolation, characterization and identification of actinomycetes

from agriculture soils at Semongok, Sarawak. African Journal of Biotechnology,
7(20), 3697-3702.

59



Jensen, P. R., & Lauro, F. M. (2008). An assessment of actinobacterial diversity in the
marine environment. Antonie van Leeuwenhoek, 94(1), 51-62.

Jensen, P. R., Mincer, T. J., Williams, P. G., & Fenical, W. (2005). Marine actinomycete
diversity and natural product discovery. Antonie van Leeuwenhoek, 87, 43-48.

Jiménez, J. T., Sturdikova, M., & Sturdik, E. (2010). Bioactive marine and terrestrial
polyketide and peptide secondary metabolites and perspectives of their
biotechnological production. Acta Chimica Slovaca, 3(1), 103 - 119.

Jones, K. L. (1949). Fresh lIsolates of Actinomycetes in which the Presence of
Sporogenous Aerial Myecelia is a Fluctuating Characteristic. Journal of
Bacteriology, 57(2), 141-145.

Kamal, N., Sabaratnam, V., Abdullah, N., Ho, A. S. H., Teo, S. H., & Lee, H. B. (2009).
Light-activated cytotoxic compounds from Malaysian microorganisms for
photodynamic therapy of cancer Antonie van Leeuwenhoek, 95(2), 179-188.

Kémpfer, P. (2012). Genus I. Streptomyces Waksman and Henrici 1943, 339 emend. Witt
and Stackebrandt 1990, 370, emend. Wellington, Stackebrandt, Sanders,
Wolstrup and Jorgensen 1992, 159. In M. Goodfellow, P. Kampfer, H.-J. Busse,
M. E. Trujillo, K.-i. Suzuki, W. Ludwig & W. B. Whitman (Eds.), Bergey’s
Manual of Systematic Bacteriology (Vol. 5, pp. 1455-1767). New York: Springer.

Kampfer, P., Kroppenstedt, R. M., & Dott, W. (1991). A numerical classification of the
genera Streptomyces and Streptoverticillium using miniaturized physiological
tests. Journal of General Microbiology, 137(8), 1831-1891.

Kanagasabhapathy, M., Sasaki, H., Haldar, S., Yamasaki, S., & Nagata, S. (2006).
Antibacterial activities of marine epibiotic bacteria isolated from brown algae of
Japan. Annals of Microbiology, 56(2), 167-173.

Kandhasamy, M., & Arunachalam, K. D. (2008). Evaluation of in vitro antibacterial
property of seaweeds of southeast coast of India. African Journal of
Biotechnology, 7(12), 1958-1961.

Khan, S. T., Takagi, M., & Shin-ya, K. (2010). Diversity, Salt Requirement, and
Antibiotic Production of Actinobacteria Isolated from Marine Sponges.
Actinomycetologica, 24, 18-23.

Kim, O.-S., Cho, Y.-J., Lee, K., Yoon, S.-H., Kim, M., Na, H., . . . Chun, J. (2012).
Introducing EzTaxon-e: a prokaryotic 16S rRNA gene sequence database with
phylotypes that represent uncultured species. International Journal of Systematic
and Evolutionary Microbiology, 62(Pt 3), 716-721. doi: 10.1099/ijs.0.038075-0

Kim, S. B., & Goodfellow, M. (2013). Genus XII. Prauserella Kim and Goodfellow
1999, 510 emend. Li, Xu, Tang, Xu, Kroppenstedt, Stackebrandt and Jiang 2003,
1547. In M. Goodfellow, P. Kampfer, H.-J. Busse, M. E. Trujillo, K.-i. Suzuki,
W. Ludwig & W. B. Whitman (Eds.), Bergey’s Manual ® of Systematic
Bacteriology (Vol. 5, pp. 1384-1390). New York: Springer.

Komaki, H., & Harayama, S. (2006). Sequence diversity of type-Il polyketide synthase
genes in Streptomyces. Actinomycetologica, 20, 42-48.

60



Komatsu, M., Uchiyama, T., Omura, S., Cane, D. E., & lkeda, H. (2010). Genome-
minimized Streptomyces host for the heterologous expression of secondary
metabolism. Proceedings of the National Academy of Sciences. doi:
10.1073/pnas.0914833107

Kuster, E., & Williams, S. T. (1964). Selection of Media for Isolation of Streptomycetes.
Nature, 202, 928-929.

Kutzner, H. J. (1981). The family Streptomycetaceae In M. P. Starr, H. Stolp, H. G.
Truper, A. Balows & H. Schlegel (Eds.), The Prokaryotes: a Handbook on
Habitats, Isolation and Identification of Bacteria (pp. 2028-2090). Berlin:
Springer.

Labeda, D. P., & Goodfellow, M. (2012). Family 1. Pseudonocardiaceae Embley, Smida
and Stackebrandt 1989, 205V emend. Labeda, Goodfellow, Chun, Zhi and Li
2010. In M. Goodfellow, P. Kampfer, H.-J. Busse, M. E. Trujillo, K.-i. Suzuki,
W. Ludwig & W. B. Whitman (Eds.), Bergey's Manual® of Systematic
Bacteriology (Vol. 5, pp. 1302-1305). New York: Springer.

Labeda, D. P., Goodfellow, M., Chun, J., Zhi, X.-Y., & Li, W.-J. (2011). Reassessment
of the systematics of the suborder Pseudonocardineae: transfer of the genera
within the family Actinosynnemataceae Labeda and Kroppenstedt 2000 emend.
Zhi et al. 2009 into an emended family Pseudonocardiaceae Embley et al. 1989
emend. Zhi et al. 2009. International Journal of Systematic and Evolutionary
Microbiology, 61(6), 1259-1264.

Lacey, J. (1987). Nomenclature of Saccharopolyspora erythraea Labeda 1987 and
Streptomyces erythraeus (Waksman 1923) Waksman and Henrici 1948, and
Proposals for the Alternative Epithet Streptomyces labedae sp. nov. International
Journal of S systematic Bacteriology, 37(4), 458-458.

Laidi, R. F., Sifour, M., Sakr, M., & Hacene, H. (2008). A new actinomycete strain SK4-
6 producing secondary metabolite effective against methicillin-resistant
Staphylococcus aureus. World Journal of Microbiology and Biotechnology, 24,
2235-2241.

Lam, K. S. (2006). Discovery of novel metabolites from marine actinomycetes. Current
Opinion in Microbiology, 9, 245-251.

Lanoot, B., Vancanneyt, M., Dawyndt, P., Cnockaert, M., Zhang, J., Huang, Y., . . .
Swings, J. (2004). BOX-PCR fingerprinting as a powerful tool to reveal
synonymous names in the genus Streptomyces. Emended descriptions are
proposed for the species Streptomyces cinereorectus, S. fradiae, S. tricolor, S.
colombiensis, S. filamentosus, S. vinaceus and S. phaeopurpureus. Systematic and
Applied Microbiology, 27(1), 84-92. doi: http://dx.doi.org/10.1078/0723-2020-
00257

Laureti, L., Song, L., Huang, S., Corre, C., Leblond, P., Challis, G. L., & Aigle, B. (2011).
Identification of a bioactive 51-membered macrolide complex by activation of a
silent polyketide synthase in Streptomyces ambofaciens. Proceedings of the
National Academy of Sciences, 108(15), 6258-6263.

61



Lazzarini, A., Cavaletti, L., Toppo, G., & Marinelli, F. (2000). Rare genera of
actinomycetes as potential producers of new antibiotics Antonie van
Leeuwenhoek, 78, 399-405.

Lin, X., Wen, Y., Li, M., Chen, Z., Guo, J., Song, Y., & Li, J. (2009). A new strain of
Streptomyces avermitilis produces high yield of oligomycin A with potent anti-
tumor activity on human cancer cell lines in vitro. Applied Microbiology and
Biotechnology, 81, 839-845.

Lo, C. W,, Lai, N. S., Cheah, H.-Y., Wong, N. K. ., & Ho, C. C. (2002). Actinomycetes
Isolated From Soil Samples From The Crocker Range Sabah. ASEAN Review of
Biodiversity and Environmental Conservation, 9, 1-7.

Maldonado, L. A., Fragoso-Yanez, D., Perez-Garcia, A., Rosellon-Druker, J., &
Quintana, E. T. (2009). Actinobacterial diversity from marine sediments collected
in Mexico. Antonie van Leeuwenhoek, 95, 111-120.

Martinez, A., Kolvek, S. J., Yip, C. L. T., Hopke, J., Brown, K. A., MacNEeil, I. A., &
Osburne, M. S. (2004). Genetically Modified Bacterial Strains and Novel
Bacterial Artificial Chromosome Shuttle Vectors for Constructing Environmental
Libraries and Detecting Heterologous Natural Products in Multiple Expression
Hosts. Applied and Environmental Microbiology, 70(4), 2452-2463.

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H.-P., & Goker, M. (2013). Genome sequence-
based species delimitation with confidence intervals and improved distance
functions. BMC Bioinformatics, 14(1), 1-14.

Minowa, Y., Araki, M., & Kanehisa, M. (2007). Comprehensive analysis of distinctive
polyketide and nonribosomal peptide structural motifs encoded in microbial
genomes. Journal of Molecular Biology, 368, 1500-1517.

Monciardini, P., Sosio, M., Cavaletti, L., Chiocchini, C., & Donadio, S. (2002). New PCR
primers for the selective amplification of 16S rDNA from different groups of
actinomycetes. FEMS Microbiology Ecology, 42(3), 419-429.

Mootz, H. D., Schwarzer, D., & Marahiel, M. A. (2002). Ways of assembling complex
natural products on modular nonribosomal peptide synthetases. ChemBioChem,
3(6), 490-504.

Muramatsu, H. (2008). Development of a simple-identification method for actinomycetes
based on partial 16S rDNA sequences as exemplified by a comparative study of
Malaysian and Japanese actinomycetes. Actinomycetologica, 22, 30-33.

Muramatsu, H., Murakami, R., Ibrahim, Z. H., Murakami, K., Shahab, N., & Nagai, K.
(2011). Phylogenetic diversity of acidophilic actinomycetes from Malaysia. The
Journal of Antibiotics, 64(9), 621-624.

Muramatsu, H., Shahab, N., Tsurumi, Y., & Hino, M. (2003). A Comparative Study of

Malaysian and Japanese Actinomycetes Using a Simple Identification Method
Based on Partial 16S rDNA Sequence. Actinomycetologica, 17(2), 33-43.

62



Muscholl-Silberhorn, A., Thiel, V., & Imhoff, J. F. (2008). Abundance and bioactivity of
cultured sponge-associated bacteria from the Mediterranean Sea. Microbial
Ecology, 55, 94-106.

Nett, M., lkeda, H., & Moore, B. S. (2009). Genomic basis for natural product
biosynthetic diversity in the actinomycetes. Natural Product Reports, 26(11),
1362-1384. doi: 10.1039/B817069J

Numata, K., & Nimura, S. (2003). Access to soil actinomycetes in malaysian tropical rain
forests. Actinomycetologica, 17(2), 54-56.

Okami, Y., Okazaki, T., Kitahara, T., & Umezawa, H. (1976). A new antibiotic,
aplasmomycin, produced by a streptomycete isolated from shallow sea mud. The
Journal of Antibiotics, 29(10), 1019-1025.

Ostash, B. E., Luzhetskyy, S. V. O. N., Bechthold, A., & Fedorenko, V. A. (2005). The
use of PCR for detecting genes that encode type I polyketide synthases in genomes
of actinomycetes. Russian Journal of Genetics, 41(5), 473-478.

Palaniappan, S., Panchanathan, M., Packiyaraj, V., Kannan, S., Shanmugam, S.,
Subramaniam, P., . . . Balasubramanian, T. (2013). Antibacterial and brine shrimp
lethality effect of marine actinobacterium Streptomyces sp. CAS72 against human
pathogenic bacteria. Asian Pacific Journal of Tropical Disease, 3(4), 286-293.
doi: http://dx.doi.org/10.1016/S2222-1808(13)60071-7

Pang, M.-F., Tan, G. Y. A., Abdullah, N., Lee, C. W., & Ng, C. C. (2008). Phylogenetic
Analysis of Type | and Type Il Polyketide Synthase from Tropical Forest Soil.
Biotechnology, 7(4), 660-668.

Pimentel Elardo, S. M. (2008). Novel anti-infective secondary metabolites and
biosynthetic gene clusters from actinomycetes associated with marine sponges.
Doctoral Degree, Julius-Maximilians-University, Wirzburg.

Pridham, T. G., Hesseltine, C. W., & Benedict, R. G. (1958). A guide for the classification
of streptomycetes according to selected groups. Placement of strains in
morphological sections. Applied Microbiology, 6(1), 52.

Puglisi, M. P., Engel, S., Jensen, P. R., & Fenical, W. (2007). Antimicrobial activities of
extracts from Indo-Pacific marine plants against marine pathogens and
saprophytes. Marine Biology, 150(4), 531-540.

Qin, S., Li, J.,, Chen, H.-H., Zhao, G.-Z., Zhu, W.-Y ., Jiang, C.-L., . . . Li, W.-J. (2009).
Isolation, diversity, and antimicrobial activity of rare actinobacteria from
medicinal plants of tropical rain forests in Xishuangbanna, China. Applied and
Environmental Microbiology, 75(19), 6176-6186.

Rajasulochana, P., Dhamotharan, R., Krishnamoorthy, P., & Murugesan, S. (2009).
Antibacterial activity of the extracts of marine red and brown algae. Journal of
American Science, 5(3), 20-25.

Ratti, E., & Trist, D. (2001). The continuing evolution of the drug discovery process in
the pharmaceutical industry. Il Farmaco, 56(1), 13-19.

63



Richter, M., & Rossell6-Méra, R. (2009). Shifting the genomic gold standard for the
prokaryotic species definition. Proceedings of the National Academy of Sciences,
106(45), 19126-19131. doi: 10.1073/pnas.0906412106

Sacramento, D. R., Coelho, R. R. R., Wigg, M. D., Toledo Luna Linhares, L. F., Matos
dos Santos, M. G., Azevedo Soares Semédo, L. T., & Ribeiro da Silva, A. J.
(2004). Antimicrobial and antiviral activities of an actinomycete (Streptomyces
sp.) isolated from a Brazilian tropical forest soil. World Journal of Microbiology
and Biotechnology, 20(3), 225-229. doi: 10.1023/B:WIB1.0000023824.20673.2f

Sarker, S. D., Nahar, L., & Kumarasamy, Y. (2007). Microtitre plate-based antibacterial
assay incorporating resazurin as an indicator of cell growth, and its application in
the in vitro antibacterial screening of phytochemicals. Methods, 42(4), 321-324.
doi: http://dx.doi.org/10.1016/j.ymeth.2007.01.006

Saurav, K., Rajakumar, G., Kannabiran, K., Rahuman, A. I., Velayutham, K., Elango, G.,
. . . Zahir, A. A. (2013). Larvicidal activity of isolated compound 5-(2,4-
dimethylbenzyl) pyrrolidin-2-one from marine Streptomyces VITSVKS sp.
against Rhipicephalus (Boophilus) microplus, Anopheles stephensi, and Culex
tritaeniorhynchus. Parasitology Research, 112(1), 215-226. doi: 10.1007/s00436-
011-2682-z

Savic, M., & Vasiljevic, B. (2006). Targeting polyketide synthase gene pool within
actinomycetes: new degenerate primers. Journal of Industrial Microbiology and
Biotechnology, 33, 423-430.

Scheffler, R. J., Colmer, S., Tynan, H., Demain, A. L., & Gullo, V. P. (2013).
Antimicrobials, drug discovery, and genome mining. Applied Microbiology and
Biotechnology, 97(3), 969-978.

Schirmer, A., Gadkari, R., Reeves, C. D., Ibrahim, F., DeLong, E. F., & Hutchinson, C.
R. (2005). Metagenomic analysis reveals diverse polyketide synthase gene
clusters in microorganisms associated with the marine sponge Discodermia
dissoluta. Applied and Environmental Microbiology, 71(8), 4840-4849.

Schneemann, 1., Nagel, K., Kajahn, I., Labes, A., Wiese, J., & Imhoff, J. F. (2010).
Comprehensive investigation of marine Actinobacteria associated with the sponge
Halichondria panicea. Applied and Environmental Microbiology, 76(11), 3702-
3714.

Schulze, Christopher J., Bray, Walter M., Woerhmann, Marcos H., Stuart, J., Lokey, R.
S., & Linington, Roger G. (2013). “Function-First” Lead Discovery: Mode of
Action Profiling of Natural Product Libraries Using Image-Based Screening.
Chemistry & Biology, 20(2), 285-295. doi:
http://dx.doi.org/10.1016/j.chembiol.2012.12.007

Shanmughapriya, S., Manilal, A., Sujith, S., Selvin, J.,, Kiran, G. S., &
Natarajaseenivasan, K. (2008). Antimicrobial activity of seaweeds extracts
against multiresistant pathogens Annals of Microbiology, 58(3), 535-541.

Shirling, E. B., & Gottlieb, D. (1966). Methods for characterization of Streptomyces
species. International Journal of Systematic Bacteriology, 16(3), 313-340.

64



Sinha, M., Shivaprakash, M., Chakrabarti, A., Shafiulla, M., Babu, K. G., & Jayshree, R.
(2013). Bacteraemia caused by Sciscionella marina in a lymphoma patient:
phenotypically mimicking Nocardia. Journal of Medical Microbiology, 62(Pt 6),
929-931.

Smit, A. J. (2004). Medicinal and pharmaceutical uses of seaweed natural products: A
review. Journal of Applied Phycology, 16(4), 245-262.

Stackebrandt, E., Rainey, F. A., & Ward-Rainey, N. L. (1997). Proposal for a new
hierarchic classification system, Actinobacteria classis nov. International Journal
of Systematic Bacteriology, 47(2), 479-491.

Staunton, J., & Weissman, K. (2001). Polyketide biosynthesis: a millennium review.
Natural Product Reports, 18(4), 380-416.

Strobel, G., & Daisy, B. (2003). Bioprospecting for Microbial Endophytes and Their
Natural Products. Microbiology and Molecular Biology Reviews, 67(4), 491-502.

Subramani, R., & Aalbersberg, W. (2012). Marine actinomycetes: An ongoing source of
novel bioactive metabolites. Microbiological Research, 167(10), 571-580. doi:
http://dx.doi.org/10.1016/j.micres.2012.06.005

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S. (2011).
MEGADS: Molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Molecular Biology and
Evolution, 28(10), 2731-2739.

Tan,G.Y. A, Loni,C.,Ho, L.S., Aziz, N. Z. N. A,, Syafri, S., & Vikineswary, S. (2005).
A survey of culturable actinomycetes from marine macroorganisms and mangrove
areas of Langkawi Islands. Malaysian Journal of Science, 24, 69-76.

Tian, X.-P., Zhi, X.-Y., Qiu, Y.-Q., Zhang, Y.-Q., Tang, S.-K., Xu, L.-H., . .. Li, W.-J.
(2009). Sciscionella marina gen. nov., sp. nov., a marine actinomycete isolated
from a sediment in the northern South China Sea. International Journal of
Systematic and Evolutionary Microbiology, 59(2), 222-228.

Ting, A. S. Y., Tan, S. H., & Wai, M. K. (2009). Isolation and Characterization of
Actinobacteria with Antibacterial Activity From Soil and Rhizosphere Soil.
Australian Journal of Basic and Applied Sciences, 3(4), 4053-4059.

Tormo, J. R., Garcia, J. B., DeAntonio, M., Feliz, J., Mira, A., Diez, M. T., . . . Pelaez, F.
(2003). A method for the selection of production media for actinomycete strains
based on their metabolite HPLC profiles. Journal of Industrial Microbiology &
Biotechnology, 30, 582-588.

Tsueng, G., & Lam, K. S. (2008). A low-sodium-salt formulation for the fermentation of
salinosporamides by Salinispora tropica strain NPS21184. Applied Microbiology
and Biotechnology, 78, 821-826.

Udwary, D. W., Zeigler, L., Asolkar, R. N., Singan, V., Lapidus, A., Fenical, W., . . .
Moore, B. S. (2007). Genome sequencing reveals complex secondary metabolome

65



in the marine actinomycete Salinispora tropica. Proceedings of the National
Academy of Sciences, 104(25), 10376-10381. doi: 10.1073/pnas.0700962104

Vallinayagam, K., Arumugam, R., Kannan, R. R. R., Thirumaran, G., & Anantharaman,
P. (2009). Antibacterial Activity of Some Selected Seaweeds from Pudumadam
Coastal Regions. Global Journal of Pharmacology, 3(1), 50-52.

Vikineswary, S., Loni, C., Thong, K. L., Tan, G. Y. A., & Affendi, Y. A. (2005). Sponges
and their actinomycetes inhabitants. MIMA Bulletin, 12, 14-16.

Waksman, S. A. (1967). The Actinomycetes: A summary of current knowledge. New
York: The Ronald Press Co.

Waldron, C., Madduri, K., Crawford, K., Merlol, D. J., Treadway, P., Broughton, M. C.,
& Baltz, R. H. (2000). A cluster of genes for the biosynthesis of spinosyns, novel
macrolide insect control agents produced by Saccharopolyspora spinosa. Antonie
van Leeuwenhoek, 78, Antonie van Leeuwenhoek.

Wallhausser, K. H., Nesemann, G., Prave, P., & Steigler, A. (1965). Moenomycin, a new
antibiotic. 1. Fermentation and Isolation. Antimicrobial Agents and
Chemotherapy, 5, 734-736.

Walsh, C. T., Chen, H., Keating, T. A., Hubbard, B. K., Losey, H. C., Luo, L., ... Patel,
H. M. (2001). Tailoring enzymes that modify nonribosomal peptides during and
after chain elongation on NRPS assembly lines. Current Opinion in Chemical
Biology, 5(5), 525-534.

Ward, A. C., & Bora, N. (2006). Diversity and biogeography of marine actinobacteria.
Current Opinion in Microbiology, 9(3), 279-286.

Winter, J. M., Behnken, S., & Hertweck, C. (2011). Genomics-inspired discovery of
natural products. Current Opinion in Chemical Biology, 15(1), 22-31. doi:
http://dx.doi.org/10.1016/j.cbpa.2010.10.020

Yoshida, A., Seo, Y., Suzuki, S., Nishino, T., Kobayashi, T., Hamada-Sato, N., . . . Imada,
C. (2008). Actinomycetal community structures in seawater and freshwater
examined by DGGE analysis of 16S rRNA gene fragments. Marine
Biotechnology, 10, 554-563.

Zhang, H., Lee, Y. K., Zhang, W., & Lee, H. K. (2006). Culturable actinobacteria from
the marine sponge Hymeniacidon perleve: isolation and phylogenetic diversity by
16S rRNA gene-RFLP analysis. Antonie van Leeuwenhoek, 90, 159-169.

Zhang, H., Zhang, W., Jin, Y., Jin, M., & Yu, X. (2008). A comparative study on the
phylogenetic diversity of culturable actinobacteria isolated from five marine
sponge species. Antonie van Leeuwenhoek, 93, 241-248.

Zheng, L., Han, X., Chen, H., Lin, W., & Yan, X. (2005). Marine bacteria associated with
marine macroorganisms: the potential antimicrobial resources. Annals of
Microbiology, 55(2), 119-124.

Zhu, H., Sandiford, S. K., & Wezel, G. P. (2013). Triggers and cues that activate antibiotic
production by actinomycetes. Journal of Industrial Microbiology &
Biotechnology, 1-16. doi: 10.1007/s10295-013-1309-z

66


http://dx.doi.org/10.1016/j.cbpa.2010.10.020

Zin, N. M., Sarmin, N. I. M., Ghadin, N., Basri, D. F., Sidik, N. M., Hess, W. M., &
Strobel, G. A. (2007). Bioactive endophytic streptomycetes from the Malay
Peninsula. FEMS Microbiology Letters, 274(1), 83-88.

67



PRESENTATIONS IN CONFERENCES

1. Authors: Teo Wee Fei Aaron, Khoo Kong Soo & Geok Yuan Annie Tan

Title of poster presentation: Isolation of Actinobacteria from Padina sp

Title of conferences: International Congress of Malaysian Society for Microbiology 2009
(ICMSM 2009)

Date & venue: 1st — 4th December 2009, Park Royal Hotel, Penang

Published in Book of Abstract, page 76

Awarded ICMSM 2009 Merit Award for Poster Presentation,

Category:  Microbial Diversity/Microbial ~ Systematics &  Taxonomy/General

Microbiology

2. Authors: Teo Wee Fei Aaron & Geok Yuan Annie Tan

Title of poster presentation: Bioactive Actinomycetes Isolated from Padina antillarum
Title of conferences: My1Bio Conference 2010

Date & venue: 30th — 31st October 2010, Berjaya Times Square Hotel and Convention
Centre, Kuala Lumpur

Published in Book of Abstract, page 60

3. Authors: Teo Wee Fei Aaron & Geok Yuan Annie Tan

Title of oral presentation: Presence of Biosynthetic Genes in Actinomycetes Isolated from
Intertidal Sediments and Padina antillarum

Title of conferences: 15th Biological Science Graduate Congress (BSGC 2010)

Date & venue: 15th — 17th December 2010, University of Malaya, Kuala Lumpur

Published in Book of Abstract, page 118

68



APPENDIX A

Table 1: Enumeration (CFU/ml) of total bacteria and putative actinobacteria in different media from

Padina antillarum and its surrounding soil sediments.

Media Padina antillarum Soil
Average Average CFU/ml of Average Average CFU/ml of
CFU/ml of total putative CFU/mlI of putative
bacteria Actinobacteria total bacteria Actinobacteria
MBA 2.0 X 10° 1.0 X 10? 8.6 X 107 7.0 X 10°
%MBA 3.0 X 107 1.0 X 108 8.5 X 108 1.0 X 108
MBG NA# NA# 3.4 X 10 2.0 X 102
MOA 4.4 X 108 6.0 X 10° 8.6 X 107 7.0 X 10°
MSC 2.4 X 10° 1.0 X 10? 5.0 X 10* 2.0 X 10°
PEA 1.8 X 10° 6.0 X 10° 1.1 X 108 2.0 X 106
M1 7.0 X 107 2.0 X 10° 1.7 X 10° NA#
M2 1.0 X 108 1.0 X 10* 1.0 X 108 NA#
M4 8.0 X 107 8.0 X 10° 2.5X10° NA#
M7 5.0 X 107 1.0 X 103 1.0 X 108 NA#
M8 9.0 X 107 5.0 X 10° 3.1X10° NA#

#No colony growth was observed.



APPENDIX B
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Figure 1: Secondary screening employing REMA to test the supernatant for bioactivity against S. aureus
M33. Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each
solution were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially
diluted to 20mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water
was used).

Wells Solution MIC Wells Solution MIC
Al-Ad PE2 100mg/ml A8-All PE13 100mg/ml
B1-B4 PE4 100mg/ml B8-B11 PE14 100mg/ml
Cl-C4 PE6 100mg/ml C8-C11 PE20 Img/ml
D1-D4 PE7 100mg/ml D8-D11 PE21 Img/ml
El-E4 PE8 100mg/ml E8-E11 PE23 Img/ml
F1-F4 PE9 100mg/ml F8-F11 PE24 1mg/ml
G1-G4 PE10 100mg/ml G8-G11 PE25 Img/ml
H1-H4 PE12 100mg/ml H8-H11 PE28 Img/ml
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Figure 2: Secondary screening employing REMA to test the supernatant for bioactivity against S. aureus
M33. Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each
solution were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially
diluted to 20mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water
was used).

Wells Solution MIC Wells Solution MIC
Al-A4 PE29 10mg/mi A8-All SE9 Img/ml
B1-B4 PE35 10mg/ml B8-B11 SE11 10mg/ml
C1-C4 SE1 10mg/ml C8-C11 SE13 10mg/ml
D1-D4 SE2 10mg/ml D8-D11 SE16 10mg/ml
El-E4 SE5 10mg/ml E8-E11 SE30 1mg/ml
F1-F4 SE6 10mg/mi F8-F11 SE31 100mg/ml
G1-G4 SE7 10mg/mi G8-G11 SE43 Img/ml
H1-H4 SE8 10mg/mi H8-H11 SE44 Img/ml
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Figure 3: Secondary screening employing REMA to test the supernatant for bioactivity against S. aureus
M33. Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each
solution were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially
diluted to 20mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water

was used).

Wells Solution MIC Wells Solution MIC

Al-Ad Nalidixic acid 10mg/ml A8-All PE6 100mg/ml
B1-B4 Neomycin 0.1mg/ml B8-B11 PE7 100mg/ml
Cl-C4 Streptomycin 10mg/ml C8-Cl11 PE8 100mg/ml
D1-D4 Penicillin G 0.1mg/ml D8-D11 PE9 100mg/ml
E1-E4 Ampicillin 0.1mg/ml E8-E11 PE10 100mg/ml
F1-F4 Ultrapure water Not detected F8-F11 PE12 100mg/ml
G1l-G4 PE2 100mg/ml G8-G11 PE13 100mg/ml
H1-H4 PE4 100mg/ml H8-H11 PE14 100mg/ml
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Figure 1: Secondary screening employing REMA to test the supernatant for bioactivity against B. subtilis
M57. Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each
solution were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially

diluted to 20mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water
was used).

S/

2

Wells Solution MIC Wells Solution MIC

Al-Ad PES8 10mg/ml A8-All SE9 10mg/ml
B1-B4 PE35 100mg/ml B8-B11 SE11 10mg/ml
Cl-C4 SE1 10mg/ml C8-C11 SE12 10mg/ml
D1-D4 SE2 10mg/ml D8-D11 SE13 10mg/ml
El-E4 SE5 10mg/ml E8-E11 SE16 10mg/ml
F1-F4 SE6 10mg/ml F8-F11 SE17 10mg/ml
G1-G4 SE7 10mg/ml G8-G11 SE18 10mg/ml
H1-H4 SE8 10mg/ml H8-H11 SE19 10mg/ml
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Figure 2: Secondary screening employing REMA to test the supernatant for bioactivity against B. subtilis
M57. Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each
solution were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially
diluted to 20mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water
was used).

Wells Solution MIC Wells Solution MIC
Al-Ad SE27 Img/ml A8-All Streptomycin 0.1mg/ml
B1-B4 SE31 Img/mi B8-B11 Penicillin G 0.1mg/ml
Cl-C4 SE43 Img/mi C8-Cl1 Ampicillin 0.1mg/ml
D1-D4 SE44 Img/ml D8-D11 Ultrapure water Not detected
El-E4 SE46 Img/ml E8-E11 SE44 Img/ml
F1-F4 SE48 1mg/ml F8-F11 SE43 1mg/ml
G1-G4 Nalidixic acid 0.1mg/ml G8-G11 SE31 Img/ml
H1-H4 Neomycin 0.1mg/ml H8-H11 SE27 Img/ml
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Figure 1: Secondary screening employing REMA to test the supernatant for bioactivity against E. coli M2.
Bioactivity is determined by the colour changes from blue to purple or pink. Placements of each solution
were as table below. Initial concentration of 100mg/ml (column 1 and column 8) was serially diluted to
10mg/ml, Img/ml and 0.1mg/ml. Column 5 and column 12 as negative control (Ultrapure water was used).

Wells Solution MIC Wells Solution MIC
Al-Ad PE28 1mg/ml A8-A1l SE43 Img/ml
B1-B4 SE1 10mg/ml B8-B11 SE44 Img/ml
Cl-C4 SE2 10mg/ml C8-Cl11 Nalidixic acid 0.1mg/ml
D1-D4 SE6 100mg/ml D8-D11 Neomycin 1mg/mi
E1-E4 SE7 10mg/ml E8-E11 Streptomycin 1mg/mi
F1-F4 SE8 Img/ml F8-F11 Penicillin G Img/ml
G1-G4 SE9 10mg/ml G8-G11 Ampicillin Img/ml
H1-H4 SE13 10mg/ml H8-H11 Ultrapure water Not detected
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APPENDIX E

Whole genome sequence of isolate SE31 (accepted for publication in Marine Genomics;

ISSN: 1874-7787)

The genome of Sciscionella strain SE31 was shotgun-sequenced using the
Illumina HiSeq 2000 pair-end sequencing platform. Approximately 108 million raw reads
in this study. The sequencing reads were pre-processed using PRINSEQ-lite version
0.20.1 to remove duplicated reads and poor quality reads. The pre-processed reads were
de novo assembled using the CLC Genomics Workbench version 5.1 (CLC bio,

Denmark).

Assembled raw reads resulted in 217 contigs, with a N50 contig size of 83,637bp,
N75 size of 43,978 and N25 size of 173,814. The genomic size of this assembly is
7,425,729bp with a G+C content of 68.7%. This Whole Genome Shotgun project has

been deposited at DDBJ/EMBL/GenBank under the accession JALM00000000.

The sequenced genome was also annotated using the Rapid Annotation Subsystem
Technology (RAST) pipeline (Aziz et al., 2008). RAST predicted 7,039 protein coding
genes, 46 tRNAs and 3 rRNAs. RAST functional annotation of the predicted protein-
coding genes showed that 669 genes are involved with amino acids and derivatives
synthesis, 371 genes are involved with cofactors, vitamins, prosthetic groups, pigments,
and 429 are linked to fatty acids, lipids and isoprenoid. Interestingly, 113 putative genes
are associated with the virulence, disease and defense, suggesting that these genes may
play important roles in the virulence or resistance of antibiotics. Though the pathogenicity
of this bacteria is still not known, further analysis of the genome sequence may suggest

better understanding of this potential pathogen.
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Furthermore, the potential of this strain to produce secondary metabolites was also
tested in vitro and has shown antibacterial activity (Ayuso et al., 2005). Therefore, the
assembled genome were analyzed through secondary metabolites search tool antiSMASH
(Medemacetal., 2011). Preliminary data revealed the presence of 46 putative gene clusters
involved in the biosynthesis of various natural products. In comparison, the genome of

type-strain S. marina DSM 451527 contains only 33 secondary metabolite clusters.

Among the clusters found in both Sciscionella strains, a biosynthetic gene cluster
which shared a high homology with calicheamicins, an enediyne antitumor antibiotics

initially isolated from Micromonospora echinospora (Ahlert et al., 2002), was predicted.
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