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Abstract

There is a real and urgent need for new antimicrobial compounds to combat the rise
of multidrug resistant infections. Whole genome sequencing and genome mining
have revealed that Streptomyces spp. possess a range of biosynthetic gene clusters
for secondary metabolites, however many of them are silent and cryptic under
conventional laboratory conditions. It has also been shown that triggering the
expression of these cryptic gene clusters in Streptomyces might vyield novel
antibiotics. Here, we isolated over 100 Streptomyces strains from sediments
contaminated with heavy metals from a former industrial site in Scotland, United
Kingdom. These strains were assayed for heavy metal dependent antimicrobial
activity. We have used a combination of genomics, bioinformatics and
transcriptomics to investigate these novel strains, providing a phylogenetic context
and molecular evidence towards the discovery of the gene clusters responsible for

antibiotic biosynthesis.

Our findings highlight the potential of using heavy metals for activation of silent
biosynthetic metabolite gene clusters in Streptomyces isolated from extreme
environments for natural product discovery. These findings are supported by the fact
that these compounds are produced only in the presence of sub-inhibitory
concentrations of heavy metals but not in the absence of metal induction. Whole
genome sequencing has enabled us to investigate the taxonomy and biosynthetic
capacity of the strains whilst transcriptomic analysis and bioinformatics tools are
allowing us to investigate the changes in the transcript levels of these genes that

occur under metal-inducing conditions.
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1. Introduction

There is a rapid and global spread of severe antibiotic-resistant microbial pathogens,
such as Gram-positive methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant S. aureus (VRSA) (Fraise, 2002; Woodford and Livermore, 2009), and
vancomycin-tolerant Enterococcus strains (Akins & Rybak , 2001; Saribas & Bagdatli,
2004), in addition to Pseudomonas aeruginosa, one of the most difficult bacteria to
treat, due to its distinctive nature for antibiotic resistance (Overhage et al., 2008). The
current emergence in the number of new pathogens which are multi-drug resistance
has received increasing attention. These pathogens also include the Gram-negative New
Delhi metallo-beta lactmase (NMD-1), carbapenemase producing Enterobacteriaceae
expressing enzymes such as KPC-2 (Klebsiella pneumoniae carbapenemase-2) (Brink et
al., 2012; Bushnell et al., 2013; Munoz-Price et al., 2-13) and Acinetobacter baumannii
strains which have been reported resistant to all known antibiotics that have been
reported (Pleg et al., 2008). The most recent issue is the emergence to MCR-1
(Escherichia coli strain SHP45) which has been found to be resistant of the last group of
antibiotics, polymyxins, by plasmid mediated resistance (Liu et al., 2016). The World
Health Organisation (WHO) has expressed serious concerns and raised awareness of
emerging antibiotic resistant bacteria (WHO, 2001; Leung et al., 2011). The WHO has
just published its first ever list of antibiotic-resistant "priority pathogens" which includes
12 families of bacteria that pose the greatest threat to human health (WHO, 2017). This
highlights that much effort is needed to address the growing global resistance to
antimicrobial medicines and that there is urgent demand to seek new (novel) chemical

compounds of high medical value.

The family Actinomycetes is well-known as a rich source of bioactive chemical
compounds with great potential for medical and pharmaceutical applications. Genera of
this family such as Streptomyces, Saccharopolyspora and Salinispora were
underestimated for years based on traditional isolation approaches. However, more
modern techniques, such as, genome sequencing (Bentley et al., 2002; Nett et al., 2009;

Harrison and Studholme, 2014;) and genome mining using in silico bioinformatics tools
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(Medema et al., 2011; Blin et al., 2013; Cimermancic et al., 2014; Weber et al., 2015) of
some members of these genera have shown that there are many silent gene clusters.

These genes may encode candidates for novel drugs and antimicrobials.

1.1 Actinomycetes family

Actinomycetales, commonly called actinomycetes, are Gram positive or Gram variable
bacteria that belong to the phylum Actinobacteria which is one of the largest phyla in
the domain Bacteria, as deduced from its branching pattern which has been based on
the 16S rRNA phylogenetic tree (Goodfellow, 2012). Actinomycetes have relatively
standard nutritional requirements. They are chemo-organotrophs, possess a
fermentative carbohydrate metabolism and grow as aerobes, facultative anaerobes or
obligate anaerobes (Goodfellow et al., 1983). The major constituents of their cell wall
are glucosamine, muramic acid, glutamic acid, and alanine (Lechevalier, et al., 1966),
and wall teichoic acids are widespread among their members (Streshinskaya et al.,
2002). The GC content of the DNA of actinomycetes is generally in the range of 65-75%,
although certain thermophilic actinomycetes have a low GC content (44-54%) (Queener
& Day, 1986). Since they are producing a wide range of industrially important
compounds, they are of special interest in research. They are a widely distributed group
of microorganisms in nature which primarily inhabit soils, sediments and water
(Takizawa et al., 1993). Some grow well at neutral pH, however others are acidophiles,
alkaliphiles, halophiles or thermophiles (Goodfellow, 2012). Moreover, some can
tolerate and grow in extremely high levels of heavy metals (Amoroso et al., 1998;

Ibrahim et al., 2011; Moraga et al., 2013).
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1.2 The family of Streptomycetaceae

The family streptomycetaceae was proposed in 1943 by Waksman and Henrici.
Originally, this family had only two genera: the genus Streptomyces and the genus
Micromonospora (Stackebrandt et al., 1997). However, Streptacidiphilus; an additional
genus to the family; has been established by Kim et al. (2003), which included
acidophilic species isolated from low pH soils and litter. Accordingly, the family now has
three genera: the genus Streptomyces, the genus Kitasatospora as well as the genus
Streptacidiphilus as indicated in the 2" edition of the Bergey’s manual of systematic
bacteriology (Kampfer, 2012). The family Streptomycetaceae has been composed of 614
taxa based on 16S rRNA gene sequences (Labeda et al., 2012), where Streptomyces,

Kitasatospora and Streptacidiphilus contain 583, 23 and 8 species respectively.

Streptomyces species have a complex life cycle and tend to grow slowly and produce
vegetative hyphae, 0.5-2.0 um in diameter, which form an extensively branched
mycelium with rarely fragments. The hyphae mature to form chains of three or more
non-motile spores, in which uni-genomic spores germinate to produce a multigenomic
substrate mycelium of branching hyphae which give rise to aerial hyphae and finally to
spores. A few species produce spores on substrate mycelium (HPA, 2012). As nutrients
start to deplete, the aerial hyphae develop marking the beginning of the morphological
differentiation. Ultimately, sporulation takes place, leading to septation of the hyphae

into chains of spores that mature and disperse (Piette et al. 2005).

Secondary metabolism occurs during the late stages of vegetative growth (Bérdy 2005).
The expression of different specialised metabolites is influenced by environmental
factors like the presence or lack of certain nutrients or the metabolism of other
microorganisms in the same niches. Antibiotic metabolites in particular are expressed as
a way to compete and defend against adjacent bacteria (Goodfellow et al., 1983;
Hopwood, 2007). Production of these antibiotics is encoded by genes distributed in
large clusters within the chromosome or on plasmids. The presence of many
biosynthetic clusters means members of the same species can lead to the biosynthesis

of different antimicrobial products (Liu et al. 2013).
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1.3 Actinomycetes Infections and diseases

Actinomycetoma is a subcutaneous tissue disease, commonly affecting the foot (Dunne
et al., 1998). The disease is endemic in tropical, subtropical, and temperate regions of
the world. Although the highest incidence occurs in Asia, India, Yemen, and Pakistan, it
is frequent in the countries of Sudan, Mauritania, and Senegal in Africa. It is also present
in most of North, Central, and South America, with the highest incidence in Mexico and
Venezuela (Welsh et al., 2012; Mattioni et al., 2013). Actinomycetoma is most
commonly caused by the genus Actinomadura, followed by Nocardia and Streptomyces
species (Hazra et al., 1998). Among the genus Streptomyces, S. sudanensis (Quintana et
al., 2008) and S. somaliensis (Fahal and Sabaa, 2010) have been reported the most
common etiologic agent causing human infections. Recently, the first case of human
cervicofacial actinomycetoma caused by Streptomyces griseus was reported (Chander et
al., 2013). However, the sequenced genomes of this bacterium should allow
identification and diagnosis of the infectious agent, and ensure targeted, rapid

treatment regimes (Kirby et al., 2012)

In comparison to other bacteria, it has been found that a few members of
actinomycetes are plant pathogens. Nevertheless, they appear to be major pathogens
of certain crops in particular areas and under special conditions (Locci, 1994). For
instance, Streptomyces scabies is one of the streptomycetes that cause common scab

symptoms on potatoes and other root crops (Joshi et al., 2007).

1.4 Antibiotic Production in Streptomyces

Actinomycetes are the major antibiotic producers in the pharmaceutical industries.
Two-thirds of natural antibiotics have been isolated from actinomycete bacteria
(Newman et al., 2003). Among actinomycetes, members of the genus Streptomyces are
exploited for the production of commercially significant and bioactive molecules

(Goodfellow, 1988; Bérdy, 2005). Over 7600 bioactive metabolites derived from
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Streptomyces have been recognised (Bérdy, 2005). These metabolites include
antibiotics, immunomodulators, anticancer drugs, antiviral drugs, herbicides, and

insecticides (Bibb, 2005; Hopwood, 2007, Table 1.1).

There have been several approaches and many studies have been carried out to
maximise secondary metabolite yields in actinomycetes by means of genetic
manipulation of biosynthetic pathways. Improving oxytetracycline production in
Streptomyces rimosus M4018 by metabolic engineering of the G6PDH gene in the
pentose phosphate pathway; improving antibiotic production in Streptomyces coelicolor
A3 by the engineering of N-acetylglucosamine metabolism; and increasing production of
antitumor mithramycins in Streptomyces argillaceus by engineering precursor
metabolite (Tang et al, 2011; Swiatek et al, 2012; Zabala et al., 2013) are good
examples of such approaches. Studies have revealed that N- acetylglucosamine
(GIcNAc), the monomer of chitin and constituent of bacterial cell wall peptidoglycan,
and the related amino acid glutamate are highly preferred carbon and nitrogen sources
for streptomycetes (van Wezel et al, 2006; Swiatek et al., 2012). Rigali et al. (2008) have
shown that under famine conditions, GlcNAc addition stimulated antibiotic production
in S. clavuligerus, S. collinus, S. griseus, S. hygroscopicus and S. venezuelae grown on
MM agar (5 mM GIcNAc or higher) by functioning as an allosteric effector of the
pleiotropic transcriptional repressor DasR, which controls the GIcNAc transport and

metabolism as well as antibiotic production.

A study by Moore et al., 2012 has shown that adding sodium butyrate to MSF agar
induced expression of secondary metabolic gene clusters in S. coelicolor A3(2) strain
M145 by stimulating actinorhodin (ACT) pigment production and antibiotic production
in Pseudonocardia, Saccharopolyspora and Amycolatopsis as non-model actinomycetes.
Sodium butyrate belongs to a group of histone deacetylase inhibitors (HDAC) which
have a vital role in controlling and regulating gene expression in eukaryotes by
antagonising the regulatory acetylation of histone proteins (Munshi et al., 2009). Thus,
the study shows the potential use of HDAC inhibitors to increase antibiotics yield or

trigger the silent genes in S. coelicolor as well as in other bacteria.
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A few studies have focused on exploiting metal stress for new antibiotics and secondary
metabolites production from Streptomyces. It has been shown that new secondary
metabolites with potential medical uses might be discovered by triggering cryptic gene
clusters in Streptomyces by utilisation of heavy metals (Amoroso et al, 2013). Haferburg
et al. (2009) investigated the potential effects of sub-inhibitory nickel and cadmium
concentrations on new metabolite production. The researchers found that two out of
ten stains isolated from heavy metal contaminated areas could produce new
metabolites after being exposed to the above two mentioned heavy metals. Moreover,
one of these two strains, S. tendae F4, produced a new class of isoflavones
(Ueberschaar et al., 2011), which have many health benefits, including protection

against cancer.
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Table 1.1: bioactive compounds produced by Streptomyces and their applications.

Bioactive compound Strains Application
Actinomycin antibioticus Anticancer
Adriamycin (doxorubicin) peucetius Anticancer
Amphotericin (natamycin) Antifungal

Avermectin

Avoparcin

Bialaphos
Bleomycin
Candicidin
Chloramphenicol
Chlortetracycline
Clavulanic acid
Fosfomycin
Kanamycin
Kasugamycin
Lincomycin
Mitomycin

Monensin

Neomycin
Nikkomycin
Novobiocin
Nystatin
Oleandomycin
Oxytetracycline
Polyoxin

Pristinamycin

S.
S.
S. nataensis
S. avermitilis
S

. candidus

. hygroscopicus
. verticillus

. griseus

. venezuelae

. aureofaciens

. clavuligerus
.wedmorensis

. kanamyceticus
. kasugaensis

. lincolnensis

. caespitosus

Lh uhh U unh uL uhL uL u uUL un u un

. cinnamonensis

. fradiae

. tendae

. hiveus

. hoursei

. antibioticus

. rimosus

Lh 1 nhh uL un u Ou

. cacoi

S. pristinaespiralis

Antiparasitic (worms and insects)

Growth promotion of farm
animals

Herbicide

Anticancer

Antifungal
Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antifungal (Herbicide)
Antibacterial
Anticancer

Growth promotion of farm
animals

Antibacterial
Antifungal, insecticide
Antibacterial
Antifungal
Antibacterial
Antibacteria
Antifungal (Herbicide)

Antibacterial
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Rapamycin S. hygroscopicus Immunosuppression

Streptomycin S. griseus Antibacterial

Tetracycline S. aureofaciens Antibacterial

Tylosin S. fradiae Growth promotion of farm

animals

Note. Table adopted from Hopwood (2007).
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1.5 Bioactive Pigments from Streptomyces

Thousands of microorganisms producing bioactive compounds have been isolated and
identified. However, some are producing commercially active pigmented molecules that
have biological functions. Streptomyces is distinctly observed to produce a variety of

extra- and intracellular pigments with potent biological activities (Table 1.2).

Actinorhodin (ACT) (Figure 1.1) belongs to the benzoisochromanequinone (BIQ)
antibiotic family, a class of aromatic polyketides (Liu et al., 2013). ACT is the best model
compound for studying polyketide antibiotics synthesis (Figure 1.2) as its entire

biosynthetic gene (act) cluster has been cloned (Okamoto et al., 2009).
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Table 1.2: biologically active pigmented compounds produced by Streptomyces.

Pigment Activity Streptomyces Reference

strain

Undecylprodiginines Antibiotic Streptomyces Hopwood (2007)

coelicolor

5,10- Antibiotic Streptomyces sp. Soliev et al. (2011)
dihydrophencomycin

methyl ester

Chinikomycin A and Anticancer Streptomyces sp. Soliev et al. (2011)
Chinikomycin B, MO045

Manumycin A
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Actinorhodin (ACT)

OCH;

Undecylprodiginines (RED)

Figure 1.1: Actinorhodin (ACT) and Undecylprodiginines (RED) pigments produced by

Streptomyces coelicolor A3 (2).
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Figure 1.2: (A) Regulatory proteins of the promoter region of actl/l-ORF4, coding
sequences shown in green and the noncoding intergenic region in white. Diverse
regulators given in red and gel-shifted fragments given in yellow. (B) Nature of signal
inputs influencing Actinorhodin production. The figure here is reproduced from Liu et

al., 2013.

23



Streptomyces also synthesise and produce melanin, which is considered an important
criterion for morphological and taxonomical studies. Melanin positive Streptomyces
strains can biosynthesise tyrosine compounds into L-Dopaquinone (Figure 1.3) and the
latter is converted into melanin by the fermentative oxidation of tyrosinases enzymes
(Faccio et al., 2012). The diffusible pigment of melanin can be clearly observed on
tyrosine-containing media. There are three main types of melanin with slight difference
in colour: eumelanins, black to brown; pheomelanins, yellow to red and the dark colour

allomelanins (Plonka & Grabacka, 2006).
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Figure 1.3: Biosynthesis of L -dopaquinone by oxidation of tyrosine with tyrosinase

(Faccio et al., 2012).
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1.6 New Streptomyces strains and new bioactive compounds

Since the rate of discovery of novel antibiotics has decreased in recent years due to the
failure to discover new metabolites from existing environments, actinomycetales from
uncommon habitats require to be screened for new bioactive compounds. In particular,
actinomycetes strains from adverse environments such as extreme temperatures, pH
and those high in heavy metal or salt concentration need to be studied as they may be a
source of novel antibiotics. The environment can affect the metabolism and antibiotic
production of a microbe and therefore, extreme environments are considered to be the
most diverse habitats for microbial isolation (Gunatilaka, 2006). Moreover, it has been
estimated that less than 1% of the microbial world has so far been cultivated and
characterised (Molinari, 2007). This means that the vast majority of microbes remain to
be discovered. However, research in this area has intensified in order to isolate new
strains of actinomycetes, notably streptomycetes, and several research studies have
recently been reported. For instance, a new Streptomyces sp. exhibiting activity against
methicillin-resistant Staphylococcus aureus isolated from a new environment, tropical
rainforest, was investigated by Higginbotham and Murphy (2010). A novel Streptomyces
spp. and secondary metabolite were obtained from a hypersaline estuary, the Laguna
Madre (Texas) in the USA (Espinoza et al., 2013). There was also a new thermophilic
strain of Streptomyces spp. designated PAL114, producing antimicrobial compounds,
isolated from a Saharan soil in Ghardaia, Algeria (Aouiche et al., 2013). Metal-tolerant
Streptomyces isolates showed the ability to grow in the presence of boron compounds
in the Province of Salta in Argentina (Moraga et al., 2013). Additionally, a novel
Streptomyces graminifolii sp. nov., was isolated from bamboo (Sasa borealis litter (Lee &
Whang, 2014). Furthermore, two novel strains of Streptomyces were isolated from
marine sediments in Thailand (Phongsopitanun et al., 2014). Streptanoate, a new
anticancer butanoate produced by Streptomyces sp. DC3 (Noomnual et al., 2016);
Iminimycin A, the new iminium metabolite was isolated from Streptomyces griseus OS-
3601 (Nakashima et al., 2016). Potent microbial compounds against Gram negative
bacteria produced by Streptomyces cyaneofuscatus, which was isolated from fresh

water sediment (2017); and just recently, searchers at the University of East Anglia in
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the UK have identified a new potential antibiotic in fighting MRSA and VRE produced by

a new species of Streptomyces (proposed name S. formicae) ( Qin et al., 2017).

1.7 Typing of Streptomyces based on 16S rRNA gene

Many genomic regions other than 16S rRNA have also been used in an attempt to
determine the phylogenetic relationships among bacteria. For instance, the entire-
genome analysis has been used. However, because the genomes vary in size, and gene
duplication, gene transfer, gene deletion, gene fusion, and genes splitting are common;
it was observed that this method is quite complicated, and that the phylogenetic trees
based on entire-genome analysis are similar (Bansal & Meyer, 2002). Although the data
presented by Rong et al. (2009) shows good congruence of the Streptomyces
albidoflavus group using partial sequences of the five housekeeping genes and all of the
species that they believed to be later heterotypic synonyms of Streptomyces
albidoflavus, including Streptomyces sampsonii, Streptomyces champavatii,
Streptomyces odorifer, Streptomyces felleus, Streptomyces griseus subsp. solvifaciens,
Streptomyces limosus, Streptomyces coelicolor, Streptomyces canescens and
Streptomyces globisporus subsp. caucasicus, are also located in Clade 112 of the study
by Labeda et al. (2012) which has 99% bootstrap support (Labeda et al., 2012). The data
presented by Guo et al. (2008) and Rong and Huang et al. (2010) for the S. griseus group
has good agreement with the MLST and the 16S rRNA gene phylogeny study by Labeda
et al. (2012). However, their MLST studies of the phylogenetic tree of many strains is
lacking a clear resolution in the segment of 16S rRNA, resulting in practically no
bootstrap support for many of the branches present between clade 34 and clade 35
region (Labeda et al., 2012). Nevertheless, 16S rRNA has been demonstrated to be a
robust molecular tool for positioning and clustering of the streptomycetaceae family
and illustrating their diversities within the phylogenetic tree (Chun & Goodfellow, 1995;
Labeda & Kroppensted, 2000; Kumar et al., 2007; Labeda et al., 2012).
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1.8 Phenotype Microarray (PM) using Biolog Omnilog system

The PM technique is a high throughput system that uses tetrazolium redox dye
chemistry to produce a colour change in response to microorganism respiration.
Tetrazolium, is a colourless water-soluble molecule that is readily reduced to form a
purple colour of formazan in the presence of NADH as an electron donor (Bochner et
al2001; Bochner, 2009, Figure 1.4). The purple colour can be quantified and kinetic
information can be provided using the Biolog OmnilLog instrument which uses a CCD
camera to record the reduction of a tetrazolium dye at various intervals throughout the
user-defined incubation period and subsequently the intensity of colour change is

proportional to bacterial growth (Shea et al., 2012).
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Figure 1.14: Schematic diagram of reduction of tetrazolium violet (TV) by cellular
electron transport chain (Bochner et al. 2001). When a carbon source is metabolised,
NADH is produced and tetrazolium dye is reduced and as a result it produces a purple

colour.
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Nearly, 2000 bacterial phenotypes can be efficiently identified on twenty preconfigured
96-well plates in a single experiment. Biolog plates PM1 to PM10, give profiles in
utilising carbon, nitrogen, sulphur and phosphorus sources as nutritional chemical
signals and behaving in different environmental chemical signals such osmotic and pH
effects that stimulate cells; whereas plates PM11 to PM20, give profiles of bacterial
behaviour in different concentrations of 240 chemicals that can potentially inhibit cells.
The conditions and chemicals pattern in each well of the PM1 to PM20 plates can be

obtained from Biolog, Hayward, CA (http://www.biolog.com/).

In the recent years, Phenotype Microarray (PM) technology has been applied in
discrimination of closely related bacterial strains. In the study conducted by Mukherjee
(2008), the utilization of N-acetyl-D-galactosamine (Aga) and D-galactosamine (Gam)
was exploited to differentiate 194 Escherichia coli 0157:H7 isolates from those of
EDL933 and Sakai closely related strains from the 2006 spinach outbreak. In another
paper, Kauko et al. (2010) show that serotypes of Salmonella enterica were
differentiated based on utilising of 18 substrates from biolog plates. Furthermore, in
more recent studies phenotypic microarrays were applied to characterise bacteria, such
as Acinetobacter strains, Mycobacterium tuberculosis and Mycobacterium bovis,
Cronobacter sakazakii SP291, sarR mutant in Staphylococcus aureus, Rhizobium
leguminosarum bv. Trifolii, Clostridium perfringens strains, Rhodococcus sp. BCP1 and
Rhodococcus opacus R7, Clostridium difficile and Clostridium sordellii, Mycobacterium
avium subsp. hominissuis isolates, Mycobacterium ulcerans (Mara et al., 2012; Khatri et
al., 2013; Yan et al., 2013; Lucas & Manna 2013; Mazur et al., 2013; Park & Rafii 2014;
Orro et al., 2015; Scaria et al., 2015; Sanchini et al., 2017; Zingue et al., 2017). However,
at the time of writing this chapter there are no published studies focusing on metabolic

properties of Streptomyces strains evaluated by phenotypic microarray methods.
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1.9 Heavy metal resistance in Streptomyces

In addition to the production of many varieties of secondary metabolites as a part of
their metabolism, there is evidence that the genus Streptomyces has adapted to survive
under extreme and harsh conditions. Soils and sediments contaminated with high
concentration of heavy metals such as nickel (Ni), copper (Cu), Ferrous (Fe), Cobalt (Co),
silver (Ag), zinc (Zn), lead (Pb) and mercury (Hg) are among rich metal habitats where a
variety of different Streptomyces strains have been isolated. Although some of these
elements are important for microorganisms since they are incorporated into enzymes
and cofactors, higher concentrations are toxic and have adverse effects on enzymes and
DNA in bacterial cells (Lopez-Maury et al.,, 2002; Abou-Shanab et al., 2007).
Streptomycetes apply various systems of resistance mechanisms in response to heavy
metals. These mechanisms include possessing nickel and iron-containing enzymes which
are superoxide dismutase regulated by nickel metal (Kim et al., 1998). Other resistance
mechanisms encoded by resistance loci are located on plasmids (Ravel et al., 1998) and
include the adsorption and retaining of heavy metal cations to the bacterial cell walls
(Schmidt et al., 2005). Recent studies have shown that the mechanisms linked to heavy
metal resistance include: 1) biosorption, in which metals precipitate to the cell surface
and cell wall components due to ion exchange; 2) metal reduction, in which heavy
metals become insoluble and unavailable by bacterial reductase activity; 3) extracellular
chelaters, in which metal binding to polysacharides or protein prevent the cell toxicity
by reducing the bioavailability of these metals; 4) efflux transport systems, in which
heavy metal resistance is due to efflux protein pumps; 5) intracellular sequestration, in
which metals accumulate within the cytosol of bacterial cells; 6) bio-mineralisation, in
which crystals can be formed from metals driven by microorganisms; 7) superoxide
dismutase, in which heavy metals can be tolerated by superoxide dismutase enzyme

activity (Schitze & Kothe, 2012).
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1.10 Lead (Pb) resistance in Streptomyces

Lead pollution of soils, sediments and water result in harsh conditions for microbial
growth and survival because of its toxic effects. Pb toxicity comes from replacing
essential metal ions such as calcium and zinc from their local binding sites and therefore
inhibiting the enzyme activities (Nies, 1999; Naik & Dubey, 2013). Moreover, lead metal
causes damage to nucleic acids and proteins, disruption of cell membrane functions,
and alteration of the enzyme specificities (Asmub et al., 2000; Hartwig et al., 2003).
Although lead is very toxic even in low concentrations, many environmental
microorganisms have developed strategies (Figure 1.5) that enable them to tolerate and

survive lead exposure (Jarostawiecka & Piotrowska-Seget, 2014).
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Pp2+ Pb2+ ‘

Figure 1.5: Mechanisms of microbial cell protection against lead ((Pb (Il)) toxicity. Pb(ll)
could be kept away from the micro-organisms through its precipitation as insoluble
phosphates outside the cell (circles), adsorption on extracellular polysaccharides (violet
stars) or by polymers naturally occurring in the cell wall. After entering the cell through
essential metal transporters, Pb (ll) can be further inactivated by binding to the
metallothioneins (MT), sequestered as insoluble phosphates or removed from the cell
via transporters such as CadA, ZntA or PbrA. OM, outer membrane; IM, inner

membrane (Jarostawiecka & Piotrowska-Seget, 2014).
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Little is known about the tolerance of Streptomyces strains towards the heavy metal
lead and whether the lead might activate the cryptic gene necessary for inducing
secondary metabolites in Streptomyces. However, in a study carried out by Guo et al.
(2009), Streptomyces plumbiresistens, a novel strain that could grow in a high
concentration (4.0 mM) of lead was isolated from lead-polluted soil in north-west China.
Despite very limited studies conducted by Haferburg et al. (2009) to address the
possibility of enhancing the silent gene clusters in Streptomyces by induction with heavy
metals to produce secondary metabolites of biological activity, to date there are no

such studies on lead metal.

1.11 Strategies to activate cryptic and silent biosynthetic gene clusters in

Streptomyces

Sequencing of the complete genomes of Streptomyces coelicolor, Streptomyces
avermitilis and Streptomyces griseus revealed that many biosynthetic gene clusters
encode to produce more than three secondary metabolites, whereas they contain more
than twenty gene cluster that are predicted to encode for secondary metabolites
(Bentley, 2002; Liu et al., 2013; Tanaka, 2013). These facts suggest that Streptomyces
has silent or cryptic gene clusters that might be responsible for the production of many
novel bioactive natural products. These silent or cryptic biosynthetic gene clusters
remain inactive for unknown reasons (Nett et al., 2009; Seyedsayamdost, 2014), and
particulary when Streptomyces cultured under common laboratory conditions

(Haferburg et al., 2009; Chiang et al., 2011; Liu et al., 2013, Amoroso et al., 2013).

Many methods and strategies (Figure 1.6) have been devised to activate these cryptic
biosynthetic pathways (Liu et al., 2013). Since cryptic gene clusters encode specific
functions not expressed under any known factors, mutational events or other genetic
mechanisms like recombination or insertion are needed to activate these cryptic gene
clusters (Tamburini & Mastromei, 2000). On the other hand, silent gene clusters may be

activated by environmental signals (Chiang et al., 2011; Aigle & Corre, 2012; Haferburg
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& Kothe, 2013). The one strain-many compounds (OSMCA) method is one of these
strategies that exploit the benefits of modification in culture media compositions or
conditions for enhancing the secondary metabolites expression of the silent clusters
(Bode et al., 2002). At the same time, several studies have shown that when some
microorganisms are co-cultured with Streptomyces, biosynthetic gene clusters were
induced and new bioactive metabolites were isolated (Onaka et al., 2011; Chiang et al.,
2011; Seyedsayamdost et al., 2012). Another study by Moore et al. (2012) has
suggested that HDAC inhibitors can be used to activate biosynthetic pathways of silent
gene clusters in Streptomyces. A recent study conducted by Haferburg & Kothe (2013)
showed that the biosynthetic pattern of secondary metabolites can be altered and new
potentially therapeutic compounds might be discovered through activation of silent

gene clusters in Streptomyces by heavy metal induction.
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Figure 1.6: Strategies for the activation of cryptic secondary metabolic gene clusters in
Streptomyces. The red line indicates the sequenced Streptomyces linear chromosome.
Trapezoidal blocks with different colours represent different methods based on gene

clusters to activate the possible expression of clusters (adopted from Liu et al., 2013).
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1.12 Aims of the present work

The objective of the present study is to isolate and characterise novel strains of
Streptomycetes from such unexplored or under-explored extreme environments, as

novel sources for new bioactive compounds.

The hypothesis of this work is that Actinomycetes in an unexplored habitat may hold
promising novel strains, or even species that produce new biologically active
metabolites. In addition, bacterial strains isolated from heavy metal contaminated
environments may produce unique metabolites with potential medical applications via
activation of their silent gene clusters by heavy metal induction. We hypothesise that
the evolutionary link between antibiotic and heavy metal resistance can be exploited to

discover new secondary metabolites.
The specific aims of this thesis are the following:

1. Isolation and cultivation of promising Actinomycetes strains that exhibit strong

bioactivity against tested pathogens under heavy metals induction (Chapter 3).

2. Carry out Whole Genome Sequencing (WGS) using lon Torrent PGM Technology and
perform de novo assemblies for candidates on the basis of their distinctive properties

(Chapter 4).

3. Bioinformatics and Computational High throughput descriptions of novel isolate
(isolate_99) with the closest related strains based on 16S and 23S rRNA genes, in Silico
DNA-DNA Hybridisation (DDH), Average Nucleotide Identity (ANI), and Phenotypic

Microarray (PM) experiments (Chapter 5).

4. Perform genome mining of isolate_99 using comprehensive bioinformatics tools to
identify the putative Biosynthetic Gene Clusters (BGCs) which may be potential sources
for novel natural products that have not been observed under conventional laboratory

conditions (Chapter 6).
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5. Study the transcriptomic response through the RNA-Seq analysis of Biosynthetic Gene
Clusters of isolate_99 under lead metal stress to identify the mechanism of action and

the molecular target of each gene cluster (Chapter 7).
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Chapter 2:

Materials and Methods
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2.1 Biological materials

A total of 65 environmental samples originated from the heavy metal contaminated
sites of Leadhills and Wanlockhead villages in South Lanarkshire, Scotland, United
Kingdom were collected in March, 2014. Samples were transported immediately to the
Dr. James and Mrs. Fitri Hay Laboratories at the University of Strathclyde, Glasgow, UK,
stored at 4 °C and processed within one day of collection. Soils were air-dried at 70 °C
for 15 minutes in a hot air oven and then cooled to room temperature. This helps in
decreasing the population of gram negative bacteria. Soil samples were crushed, mixed
thoroughly and large debris were removed to obtain fine soil particles, these samples

were used for isolation of Streptomyces.

2.2 Bacterial strains and organisms

Table 2.1 contains a list of all Streptomyces strains and Table 2.2 contains a list of all

other bacterial and fungal used in this study.

Table 2.1 Streptomyces references strains used in this study.

Strain Source / Reference / Sequence reference
Isolates 1-120 This Study

S. coelicolor M145 Strathclyde stock cultures
S. albus DSMZ 40313

S. avermitilis DSMZ 46492

S. venezuelae DSMZ 40230

S. rochei DSMZ 40913

S. turgidiscabies DSMZ 41838

S. graminilatus DSMZ 102005

S. xylophagus NZ_JNWO00000000.1

S. prunicolor NZ_BARF00000000.1

S. aurantiacus NZ_LIPPO0000000.1
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S. bottropensis ATCC 25435

S. scabiei NC_013929.1

S. sviceus NZ_ABJJO0000000.2
S. coelicolor A3(2) NC_003888.3

S. ghanaensis NZ_ABYA00000000.1

Table 2.2 Other bacterial strains and organisms used in this study.

Strain Reference / source
Escherichia coli ATCC 25922
Staphylococcus aureus ATCC 43300

Klebsiella pneumoniae ATCC 700603
Acinetobacter baumannii ATCC 19606
Pseudomonas aeruginosa ATCC 27853
Enterococcus faecalis ATCC 51299

Candida albicans Strathclyde stock cultures
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2.3 Media used for cultivation of bacterial strains

All media used for growth of bacterial strains were prepared by combining the relevant
ingredients, as listed below, followed by autoclaving for 15 minutes at 121 °C (unless
otherwise stated) and then allowed to cool slowly in water bath to 55 °C. For the
preparation of agar plates, approximately 25 ml of molten agar was poured into Petri
dish and allowed to set. Plates were poured and set within a laminar hood for around
30 minutes, to maintain sterility and allow any excess liquid to evaporate. Prepared

media were used immediately or stored in fridge at 4 °C.

Humic Acid-Vitamin Agar (Hayakawa and Monomura, 1987)

Humic acid 1.0g*
Na;HPO, 05g
KCl 1.71g
MgS04.7H20 0.05g
FeS04.7H20 0.01g
CaCos3 0.02¢g

B-vitamins **

Cycloheximide 50 mg
Nystatin (added in this study) 30 mg
Agar 18g
Distilled water 1000 ml
pH 7.2

* Dissolved in 10 ml of 0.2 N NaOH

** 0.5 mg each of thiamine-HCI, riboflavin, niacin, pyridoxin-HCl, inositol, Ca-
pantothenate, p-aminobenzoic acid, and 0.25 mg of biotin. B-vitamins and

cycloheximide were sterilised by filter membrane and added to the autoclaved media.
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Maltose Yeast-extract Malt-extract Agar (MYM) (Shepherd et al., 2010)

Maltose 40¢g
Yeast extract 40g
Malt extract 10.0¢g
Agar 180¢g
Distilled water 1000 ml
pH 7.3

Manitol Soya Flour Agar (MS) (Kieser et al., 2000)

Mannitol 200¢g
Soya flour 200g
Agar 200¢g
Tap water 1000 ml

Glucose Yeast-extract Malt-extract Agar (ISP-2 / GLM) (Shirling and Gottlieb, 1966)

Glucose 40¢g
Yeast Extract 40¢g
Malt Extract 10.0g
Agar 200¢g
Distilled water 1000 ml
pH 7.3

Oatmeal Agar (ISP-3) (Shirling and Gottlieb, 1966)

Oatmeal 200¢g
Trace Salts Solution (see solutions) 1.0 ml
Agar 200g
Distilled water 1000 ml
pH 7.2
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ISP-4 agar (Shirling and Gottlieb, 1966)

Soluble starch 100¢g
Dipotassium phosphate 10g
Magnesium sulphate 10¢g
Ammonium sulphate 20g
Calcium carbonate 10¢g
Ferrous sulphate 1.0 mg
Magnesium chloride 1.0mg
Zinc sulphate 1.0mg
Agar 200¢g
Distilled water 1000 ml
pH 7.2

ISP-5 (Glycerol Asparagine Agar Base) (Shirling and Gottlieb, 1966)

L-Asparagine 10g
Dipotassium phosphate 1.0g
Glycerol 10 ml
Trace Salts Solution (see solutions) 1.0 ml
Agar 200¢g
Distilled water 1000 ml
oH 7.2

ISP-6 (Shirling and Gottlieb, 1966)

Peptone 150¢g
Proteose Peptone 50¢g
Ferric Ammonium Citrate 05¢g
Dipotassium Phosphate 1.0g
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Sodium Thiosulfate 0.08 g

Yeast Extract 10g
Agar 20.0g
Distilled water 1000 ml
pH 7.3

ISP-7 (Tyrosine medium) (Shirling and Gottlieb, 1966)

Glycerol 15.0g
L-Tyrosine 05¢g
L-Asparagine 10g
KoHPO4 05¢g
MgS0a. 7H20 05¢g
NaCl 05¢g
FeS04.7H,0 10.0 mg
Trace Elements Solution Ho-Le (see solutions) 1.0 ml
Agar 200g
Distilled water 1000 ml
pH 7.3

Minimal Medium (MM) Agar (Kieser et al., 2000)

L-aspargine 05¢g
K2HPO4 0.5g
MgS04.7H,0 0.2g
FeS04.7H,0 0.01g
Glucose (added after autoclaving) 10.0g
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Agar 16.0g
Distilled water 1000 ml
pH 7.0

R2YE Medium (Shepherd et al., 2010)

Media A (Prepared in a single autoclavable 1L bottle with a magnetic stirring bar)

Sucrose 1030¢g
K2S04 0.25¢g
MgCl2.6H20 10.12 g
Glucose 10.0g
Casamino acids 01lg
Distilled water 800.0 ml
Yeast extract 50g
Agar 150¢g

Media B (each solution was prepared in a separate bottle, sterilised by autoclaving)

Trace element solution 2.0ml
TES buffer (5.73 %, w/v) 100.0 ml
KH2PO4 (0.5%, w/v) 10.0 ml
CaCl,.2H,0 (3.68%, w/v) 80.0 ml
L-proline (20%, w/v) 15.0 ml
1M NaOH 5.0 ml

Trace element solution (1 L)

ZnCl; 40.0 mg
FeCls.6H,0 200.0 mg
CuCl,.2H,0 10.0 mg
MnCl,.4H,0 10.0 mg
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Na2B407.10H,0 10.0 mg
(NH4)6M07024.4H,0 10.0 mg

The solution was made in dH20, sterilised by autoclaving and stored at room

temperature or at 4 °C for a long time period.

Luria Bertani (LB)

Tryptone 100g
Yeast extract 50g
Sodium chloride 50¢g
Glucose 10¢g
Agar 16.0g
Distilled water 1000 ml
pH 7.0

Tryptone Soya Broth (TSB) (Kieser et al., 2000)

Tryptone soya broth powder 300¢g

Distilled water 1000 ml

2.4 Buffers and Solutions

Trace Salts Solution

FeSO4 .7H,0 0.1g
MnClz .4H20 0.1g
ZnS04 .7H,0 0.1g
Distilled water 100.0 ml

The solution was sterilised by filter membrane.
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Metal lon Cocktail

ZnS04.7H,0 68 mg
FeCL,.6H0 135 mg
MnCl;.4H,0 99 mg
CaClz.2H,0 74 mg
Distilled water 100 ml
Ingredients were filtered sterilised

Phosphate Buffered Saline (PBS) (Harisha, 2007)

NacCl 80¢g
KCl 0.2g
NaxHPO4 144¢
KH2PO4 0.24g
Distilled water 1000 ml
pH 7.2
Ingredients were autoclaved for 15 minutes at 121 °C.

Lysozyme buffer

Sucrose 03 M
Tris 25 mM
EDTA 25 mM
Biochemistry grade water as required
pH 8.0
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Ingredients were dissolved and autoclaved for 15 minutes at 121 °C. Prepared buffer
was tightly-sealed, stored at room temperature and protected from direct light until

use.

1 x TE buffer (Harisha, 2007)

1M Tris solution 1.0 ml
0.5 M EDTA 0.2 ml
Distilled water 98.8 ml
pH 7.5

Ingredients were dissolved and autoclaved for 15 minutes at 121 °C. Prepared buffer
was tightly-sealed, stored at room temperature and protected from direct light until

use.

6X loading dye (Cold Spring Harb Protocols, 2007)

Glycerol 30.0 ml
Bromophenol blue 0.25¢
Xylene cyanol FF 0.25¢g
Distilled water 70 ml

The mixture was stored at 4°C in dark bottle.

1X TAE Buffer (Harisha, 2007)

Tris-acetate (Tris base) 484¢g
Acetic acid 1.14 ml
Naz EDTA 0.74 g
Distilled water 1000 ml

The buffer was stored at room temperature.
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2.5 Microbiology Methods

2.5.1 Isolation

For each collected sample, the soil (3 g) was added to a falcon tube (50 ml) containing
27 ml of PBS (Harisha, 2007) adjusted to pH 8.0. The tubes were incubated in an orbital
shaker incubator (Thermo Scientific, lowa, USA) at 30 °C with shaking at 220 rpm for 30
min. Mixtures were allowed to settle at room temperature for 15 min. A series of
dilutions of the suspension from 10! to 103 were aseptically prepared using PBS in a

total volume of 10 ml.

An aliquot of 100 ul of each dilution was pipetted and spread evenly over the surface of
HAV agar as a selective medium. The B vitamins including thiamine-HClI, riboflavin,
niacin, pyrodoxin-HCl, inositol, capantothenate, p-aminobenzoic acid (0.5 mg/| for each)
and biotin (0.25 mg/l) were added to the autoclaved medium. The antifungals
cycloheximide (50 mg/l) and nystatin (30 mg/l) were supplemented to inhibit
development of invasive fungi for the three media. The plates were incubated at 30 °C

in aerobic condition, and monitored over three weeks.

2.5.2 Purification

All screened samples are suspected to be inhabited with actinomycetes and the isolates
showed actinomycetes like characteristic morphology on selective media and under a
stereoscopic microscope were transferred onto fresh medium of MS medium without
adding antibiotic. Subculture was repeated on fresh medium of MS until pure isolates
were obtained from each visible growth. Colonies were slow growing, aerobic, chalky,

heaped, folded and with aerial and substrate mycelia of different colours.
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2.5.3 Long term storage of Streptomyces

Strains of Streptomyces were stored as spore glycerol stocks at — 80 °C following the

protocol of Shepherd et al. (2010) with a slight modification.

Fresh ISP-2 or MYM agar plates inoculated with Streptomyces strains were incubated at
30 °C for one to two weeks. After a full growth was observed, 4 to 5 ml of sterile
distilled water was added to the plate. The spores were completely resuspended into
the distilled water by gently scraping the surface of the culture with a sterile loop. Then
after, the resuspended spores were transferred by pipette to a Falcon tube, and the
final volume was made up to 35 ml with distilled water. To break up the spore chains,
the tubes were vigorously mixed on a vortex mixer (Vortex-2 Genie, USA).
Subsequently, by using a sterilised syringe, the spore suspension was passed through
sterile cotton wool, and the filtered spores were collected in a new Falcon tubes. The
residual spores attached to the cotton filter were washed with an additional distilled
water. The filtered spores were then centrifuged for 10 minutes at 4500 rpm. After
centrifugation the supernatant was discarded and the spores were resuspended in 1 ml
of distilled water. 1 ml of 50% (v/v) glycerol was added to the spores suspension, mixed
and an aliquot of 1 ml of the mixture was pipetted and transferred to sterile 1.5 ml

Eppendorf tube and stored at — 80 °C.

2.5.4 Bioactive secondary metabolites induction assay

Different gradual concentrations of the following heavy metals; CuSQa, CoCl;, ZnCl; and
Pb(CH3COO),, were prepared using distilled water. The solutions were sterilised through
filter membranes and added immediately to autoclaved medium. To determine the
maximum tolerance concentration (MTC) the following concentrations were prepared:
CuCl, (1.5, 2, 2.5, 3, 3.5 and 4 mM/L), CoCl; (1.5, 2, 2.5, 3, 3.5 and 4 mM/L), ZnCl, (20,
25, 30, 35, 40, 45, 47.5 and 50 mM/L), Pb (2, 2.5, 3, 3.5 and 4 mM/L). Finally, different

concentrations of N-acetylglucosamine (GIcNAc) ranging from from 5 to 50 mM and
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different concentration of sodium butyrate (NaBu) ranging from 25 to 200 mM were
tested. The isolates were inoculated from fresh cultures. After the incubation for two
weeks at 30 °C, plates were observed for heavy metals resistance. The highest
concentration in which the isolates could grow was considered as the MTC. The
gualitative parameter of heavy metals tolerance was estimated by the microbial
growth. Streptomyces coelicolor which is known not to carry heavy metals resistance
(Schmidt et al., 2005) was used as a control, and MM agar plates without metal
supplements were used for microbial growth comparison. Finally, plugs of each
Streptomyces cultures grown on different concentrations of inducers plus a control plug
containing only agar, were taken under sterile conditions using a cork borer, and placed

over LB agar containing the test pathogens.

2.5.5 Antibiotic production screening assay

To discover the potential production of antibiotic compounds of the isolated
Streptomyces strains utilising different media, all isolates were grown on ISP-2, ISP-3,
ISP-4, ISP-5, ISP-6 and ISP-7 for three weeks at 30 °C. The isolates were tested against
ESKAPE pathogens: Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterococcus faecalis. The
pathogenic strains were grown overnight in 5 ml of LB liquid medium at 37°C. Cultures
were diluted to a final ODeoo of 0.08 - 1.3, then an aliquot of 100 pl of each tested
microorganism was pipetted and evenly distributed on Petri dishes containing 25 ml of
LB agar. Then after, plugs of each Streptomyces cultures grown on different ISPs media
plus a control plug containing only agar, were taken under sterile conditions using a
cork borer, and placed over the LB agar plates containing the test pathogen. The
antibiotic production was evaluated by measuring the inhibition zone between the
target microorganisms and the plugs of Streptomyces cultures, after incubation at 37 °C

for 24 h.
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2.5.6 Phenotypic Microarray (PM) using Omnilog

PM plates PM1, PM2, PM3, PM9, PM10, Inoculating Fluid-Oa (IF-0a) and Inculcating
Fluid-10b (IF-10b) and Tetrazolium Dye D were obtained from Technopath, UK. To
prepare the inoculum for PM plates, one colony of each isolate_99, S. turgidiscabies and
S. graminilatus strains was grown in 5 ml TSB medium at 30 °C for two days. The growth
was centrifuged at 4 °C and 3500 rpm for 10 min to harvest the mycelium. The
supernatant was poured off and the mycelium were resuspended in 1 ml of sterile
distilled water, centrifuged at 4 °C and 3500 rpm for 10 min to wash the mycelium. This
was repeated one more time in distilled water and one time in IF-0a or IF-10b solution
depending on the PM plate to be used. The cell suspension was serial diluted to obtain
an ODasso of 0.4. The cell suspension was further diluted 1 in 10 in the IF solution of
interest so the final OD4s0 was 0.04. The final inoculating solution was prepared based

on the type and the total number of plates used.

For three PM1 or three PM2 plates: 30 ml of IF-0a at 1.2X, 360 pl of 0.5 M MgCl,, 360 ul
of 0.5 M NazS04, 360 pl of 1.5 M NH4CI (pH 7), 360 ul of 0.6 M NaH,PO4, 360 pl of Metal
lon Cocktail (See above), 360 pl of H,0 and 360 pl of Dye D at 100X. Each well of PM
plate was filled with 100 ul of the Inoculation Fluid. The plates were loaded onto the
Omnilog within 15 min and incubated at 30 °C for 72 hours. For PM3 plates, IF-10b was
used instead of IF-0a, 360 ul of 2.5 M glucose was added, ammonium chloride was
excluded and the rest as in PM1 and PM2 plates. For PM9 and PM10 plates, IF-0a was
used, 360 ul of 2.5 M glucose was added, H20 was excluded and the rest as in PM1 and
PM2 plates.

The raw data obtained from the Omnilog experiments were analysed using the
following programs, DSE_OKA data v1.1.1.15 was used to convert the raw data in DE5
format to .OKA format, the Kinetic v1.3 program was utilised to change the format from
.OKA to .DLB and finally the parametric comparison was performed using the

parametric v.1.3 program.
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2.5.7 Independent confirmatory testing of Phenotypic Microarray (PM) data

Minimal Medium (MM) agar supplemented with varied selected carbon (20 mM) or
nitrogen (20 mM) sources was used to confirm the PM analysis results for some of the
key findings. A single colony of each tested strains previously grown on IPS-2 medium

was streaked on MM medium. Plates were scored after 5 days of incubation at 30 °C.

2.6 Molecular Biology Methods

2.6.1 DNA extraction

Genomic DNA was isolated from the strains according to the protocol described by
Kieser et al. (2000) with some modifications. Isolates were grown in 20 ml of TSB in 50
ml falcon tubes for 7 days at 30 °C with shaking at 220 rpm. Cells were harvested by
centrifugation for 5 minutes at 4000 rpm (Thermo Scientific, Megafuge 40R, USA) and
the pellet was resuspended in 500 ul of lysosyme buffer and transferred to a 1.5-ml
Eppendorf tube. The cells were centrifuged at 10,000 rpm (Thermo Fisher, Germany) for
30 second and the pellet was resusprnded again in 500 pl of lysosyme buffer. Following
this step, 25 pl lysozyme solution (50 mg ml-1) and 3 ul RNase A (10 mg ml-1) were
added and incubated at 37 °C for 60 minutes with occasional mixing. Then 10 ul of 10%
SDS solution was added to each tube and incubated at 55 °C for 15 minutes, and the
samples were then transferred to a 37 °C water bath for 30 minutes (to allow RNase A
to work). This was followed by the addition of 5ul proteinase K (50 mg ml?t) and
incubation at 55 °C for 15 minutes. Subsequently, SDS was precipitated by adding 200 pl
of 250 mM KCI. Protein and lipids were removed twice by the addition of 500 ul of an
equal volume of phenol-chloroform, and the phases were mixed by inversion for 1
minute and centrifuged at 12,500 rpm for 5 minutes. The supernatant was transferred,
using a sterile cut tip, to a new eppendorf tube. Thereafter, a measured amount of the
aqueous phase was transferred to a new tube, and ddH,0 and 3 M NaAc (pH =5.2) to a
final concentration of 0.3 M NaAc was added. The DNA was precipitated by adding 0.54
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volume isopropanol. The DNA was picked out of the mix and washed with ice-cold
ethanol (70%) in a new tube, and centrifuged at 12,500 rpm for 5 minutes. After
centrifugation, the supernatant was removed, dried, and redissolved in 200 ul TE buffer
and incubated at 55 °C for a few hours and/or overnight in the fridge. The concentration
and purity of extracted nucleic acids were determined using the Thermo Scientific
NanoDrop UV-Vis spectrophotometer 2000c (Thermo Scientific, USA) at 260/280 nm
and 260/230 nm. The extracted DNA was stored at -20 °C.

2.6.2 Polymerase Chain Reaction (PCR):

2.6.2.1 16S rRNA gene amplification

The 16S rRNA gene was amplified by PCR using a set of universal primers: 27F (5 - AGA
GTT TGA TCC TGG CTC AG - 37), 1492R (5'- TAC GGC TAC CTT GTT ACG ACT T - 3”) (Chun
& Goodfellow , 1995; Labeda & Kroppensted; 2000; Goodfellow & Kumar 2007), 1522R
(5- AAG GAG GTG ATC CAG CCG CA - 3’) (Magarvey et al., 2004; Das et al., 2010; Bouras
etal., 2013) and 1525R ( 5'- AAG GAG GTG ATC CAG CC - 3" ) (Zhu et al., 2007). For the
PCR assay and for each sample, a total volume of 50 pl mixture in a 0.2 ml reaction tube
was performed using the (Bio Rad T100TM, USA) thermal cycler. The reaction mixture
was prepared as follows: 10 ul of 5x My Tagq reaction buffer, containing dNTPs, MgCl,
and enhancers, 0.5 ul of My Tag DNA polymerase (Bioline, UK), 1 ul of each forward and
reverse primer, 1 ul of purified DNA and 36.5 pl ddH,0. The amplification cycle was
performed according to the following programme: an initial denaturation step at 95 °C
for 5 min, followed by 30 amplification cycles of 95 °C for 30 sec for denaturation, 55 °C
for 60 sec for primer annealing, and 72 °C for 60 sec for primer extension, and a final

extension step was held at 72 °C for 10 min and cooled to 12 °C.

55



2.6.2.2 Control reactions

For each primer pair combination tested against extracted samples DNA: one negative
control without DNA template and one positive control (Streptomyces coelicolor M145
obtained from the reference stocks of Dr. James and Mrs. Fitri Hay Laboratories,

Strathclyde Institute of Pharmacy and Biomedical Sciences) were included.

2.6.2.3 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualise DNA from the PCR reactions. From the
total 50 pl PCR product 20 ul was pippeted and mixed with 5 ul 6x loading dye and 10 pl
of this mixture was loaded on an agarose gel (1%, stained with 3 pl ethidium promide
(10 mg/ml)). The gel was run at 80V for 45 min in a 1X TAE buffer. To determine the size
of the PCR product, 5 pl of HyperLadder 1kb (Bioline, UK) as a DNA marker was loaded
on the gel. The PCR bands were confirmed and visualised with ultraviolet illumination

(Syngene, UK) and the images were exported using GeneSnap software.

2.6.2.4 16S rRNA gene sequencing

Amplified PCR products that showed a single clear band under the UV transilluminator
(Uplan, CA, USA) were purified using the ISOLATE Il PCR and Gel kit for DNA extraction
from agarose gel (Bioline, UK) following the manufacturer’s instructions. The purified
fragments were quantified with the NanoDrop UV-Vis spectrophotometer 2000c
according to sample submission guide and shipped to Germany (Eurofins MWG,
Ebersberg, Germany) to be sequenced. Sequencing was carried out using an ABI 3730 XL
automatic DNA sequencer. The same primers as used for PCR amplification were used

for this purpose.
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2.6.3 Whole Genome Sequencing (WGS)

The next generation sequencing using lon Torrent technologies involves different steps
including: DNA fragmentation; adaptor ligation, 400 bp size selection, PCR amplification
of adaptor ligated DNA, 400 bp library quantification and qualification, Template-
Positive lon Sphere Particles preparation using the lon OneTouch 2 Instrument (0OT2),
Template-Positive lon Sphere Particles enrichment and loading the Chip and starting the
sequencing. All lon PGM protocols and sequencing user guides are provided by lon
Torrent, Life Technologies. However, below are the most notable records that applied

to our samples.

2.6.3.1 Library preparation and DNA fragments size selection

For library preparation, we followed the NEBNext Fast DNA Fragmentation & Library
Prep Set for lon Torrent (New England Biolabs, Inc., UK). The bacterial genomes were
enzymatically fragmented so that 400 base pair fragments could be selected to be run
on the PGM sequencer. Each fragmentation reaction consisted of around 800 ng of
genome DNA. 1 ul MgCl; (200 mM) was added to each reaction as recommended for
high GC DNA content. After fragmentation, each genomic DNA was barcoded using lon
Xpress Barcode Adapters (Life Technologies), ligated and cleaned up. For 400bp DNA
fragments size selection, the optimal size read for the PGM, the adapter ligated samples
were run on the E-Gel Size select-2% (Invitrogen). The 50 bp DNA ladder (Invitrogen)
was used as a reference. The run time was about 18 minutes to get the desired
fragments size. The size-selected, barcode adapter ligated DNA fragments then
underwent for 6 cycles of PCR amplification. The final PCR products were purified using

Agencourt AMPure XP Beads (Beckman Coulter).
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2.6.3.2 DNA fragments validation

The quantity and the quality of the amplified DNA libraries were assessed using both:
Qubit 2.0 Fluorometer (Invitrogen) and High Sensitivity DNA Bioanalyzer 2100 (Agilent
Technologies) respectively. The concentration (in pg/ml) and the length (in bp) of each
library were used to calculate the final DNA concentration required for pooling of each

sample.

2.6.3.3 Templated and Enrichment of positive lon Sphere Particles

To prepare template-positive lon Sphere Particles (ISPs), the lon PGM Template OT2
400 protocol (catalog number: 4479878) was followed The pooled library for each
sample then underwent emulsion PCR on the lon OneTouch-2 (Life Technologies)
system for 7 h and enriched for 45 min on the lon OneTouch ES instrument (Life
Technologies) using Dynabeads MyOne Streptavidin C1 (Invitrogen). The enriched,
template-positive ISPs are then loaded onto an lon 316v2 chip following a protocol
developed in our lab (appendix A) and subsequently sequenced using 300 sequencing
cycles ( 1200 flows) on the lon Personal Genome Machine (Life Technologies) following

the lon PGM Sequencing 400 protocol.

2.6.4 RNA Sequencing

2.6.4.1 Total RNA isolation from isolate_99

Total RNA was extracted using an adaptation of the ISOLATE Il RNA-Mini Kit (Bioline).
Before the extraction, isolate_99 was grown on cellophane discs (previously cut and
boiled for 15 min in dH20 on the heater, then placed between pre-wetted Whatman
No.1 paper and autoclaved) laid on top of both MM agar plates and MM agar plates

supplemented with 1mM Pb for 7 days at 30 °C. Once the bioactive metabolite was
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produced by screening its activity against E. coli, biomass was harvested by scraping the
surface of the cellophane with a sterile razor blade and transferred to an RNase-free
Eppendorf tube, and this was used as starting material. Immediately, 1 ml of
RNAprotect (Qiagen) was added to the biomass, vortexed for 5 seconds and incubated

for 5 min at room temperature.

After RNA protect treatment, the pellet was resuspended in 200 pl of TE buffer
containing 15 mg/ml of lysozyme and 40 pl of 10 mg/ml of proteinase K. The samples
were incubated with rotation for 1 hour at room temperature, 350 pl of RLT buffer
containing B-mercaptoethanol (10 pl per ml of RLT) and vortexed vigorously. The
samples were transferred to a new Eppendorf tube containing 250 pl of Zirconia beads
(Ambion) and vortexed for 10 min at room temperatures. The tubes were centrifuged
for 5 min at 4 °C, the supernatant for each sample was removed and combined with 350
pl of 100% EtOH. Finally, the samples were transferred to a RNA Mini spin column and
the RNA Mini protocol followed until the elution step. For elution, 25 pl of RNase free
water was added to the spin column and incubated at room temperature for 2 min. The
column was centrifuged at maximum speed for 2 min to elute the RNA. The elution step

was repeated one more time to give a total of 50 pl of RNA.

2.6.4.2 Removal of genomic DNA from RNA samples

Residual DNA was removed by performing DNAse digestion in solution followed by RNA
cleanup. The RNA sample was treated with DNase | reagents (Ambion, Life
Technologies) as specified by the manufacturer. Briefly, 5.5 ul of 10X DNase buffer and
4 ul of DNAsel were added to each sample and incubated at 37 °C for 30 min, then 10 pl
of DNAse inactivation reagent were added into RNA sample, vortexed and incubated for
2 min at room temperature. The mixtures were centrifuged for 1 min at maximum

speed and the supernatant was collected and transferred into a new tube.
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2.6.4.3 Control of DNA contamination

To check for genomic DNA contamination, the isolated RNA samples were used as
templates for a standard PCR using hrdB primers. None of the samples showed a PCR

product apart from the positive control with genomic DNA (isolate_99) as a template.

2.6.4.4 Quantification and qualification of isolated RNA

A Qubit 2.0 fluorometer was used to measure the RNA concentration in each sample by
applying RNA HS Assay Kit (Life Technologies catalog number Q32852). In short, 1 pl of
RNA sample was mixed with 198 pl RNA HS solution and 1 pul RNA HS reagent in a 0.5 ml
Qubit assay tube. The sample and the 2 standards provided with the kit were incubated

for 2 min at room temperature before the measurement.

For RNA quality, Bioanalyzer 2100 (Agilent) using Agilent RNA 600 Pico Kit assay (catalog
number 5067-1513) was used. This assay can measure the RNA Integrity as an indicator

for RNA quality following the manufacturer's instructions.

2.6.4.5 Ribosomal RNA depletion from total RNA samples

Ribosomal RNA was removed from total RNA samples using the Ribo-Zero Magnetic Kit
for Gram positive bacteria (lllumina, catalog number MRZGP126). The kit uses
biotinylated capture probes to hybridise to the rRNA, the rRNA-probe hybrid is bound to
magnetic beads and removed by a magnet. The remaining solution contains the desired
mRNA in solution. The manufacturer's instructions were followed and the rRNA-

Depleted samples were stored at -80 °C.

2.6.4.6 cDNA synthesis and RNA sequencing library preparation

Protocol, materials and reagents for whole transcriptome barcoded libraries
preparation were carried out using user guide in lon Total RNA-Seq Kit v2 (Life

Technologies catalog number 4475936) which is compatible for use with lon Personal
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Machine (PGM) system. The RNA library preparation protocol involves different steps
including: RNA fragmentation using RNase Ill, purification of the fragmented RNA, yield
and size distribution assessment of the fragmented RNA, hybridisation and ligation of
the RNA, reverse transcription (RT), the cDNA purification, the cDNA amplification,
purification the amplified cDNA and yield and size distribution assessment of the

amplified DNA.

2.6.4.7 Sequencing

For sequencing of final RNA libraries, Templated and Enrichment of positive lon Sphere
Particles steps from Whole Genome Sequencing (WGS) section were followed after
pooling the barcoded whole transcriptome libraries and determining the library dilution

required for template preparation for each sample.
2.7 Bioinformatics Methods
2.7.1 Bioinformatics analysis tools

2.7.1.1 BLASTn to search for sequences

The Nucleotide Basic Local Alignment Search Tool (BLASTn) program (http://blast.st-

va.ncbi.nlm.nih.gov/Blast.cgi, Altschul et al., 1990) was used to search for homology to

the input template sequence against entire sequences which are available on the
sequence databases. The default was 100 hits and Nucleotide collection (nr/nt)
database was chosen, and the program selection was set to highly similar sequences
(megablast). Most closely related homologues which had >298% sequence identity (Cole
et al., 2009), and had query coverage 100% with an E value <107 and met the criteria of
aligning (Hall, 2011) were identified, downloaded and saved in FASTA format. If the
coding sequencing (CDS) files were in the wrong orientation, the orientation of the

sequence was corrected.
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2.7.1.2 MUSCLE for aligning the gene sequences

The alignment of the data set sequences of the 16S rRNA gene was performed with
Multiple Sequence Comparison by Log Expectation (MUSCLE) software program (Edgar,
2004). All gaps were deleted by aligning the codon sequences rather than aligning the
DNA sequences (Hall, 2011). The excess sequences were trimmed manually; and
duplicate sequences were eliminated by computing pairwise distances. Reliability of the
alignment was preliminarily estimated by determining the average of amino acid
identity with p-distance default (Thompson et al, 1999). For more accuracy, the
alignment reliability was evaluated with GUIDANCE program which is a multiple

sequence alignments web-based server (http://guidance.tau.ac.il/) using FASTA format.

Moreover, GUIDANCE was used to detect the sufficiency of the outgroup sequences
with which to root a tree. The PRANK method (Loytynoja & Goldman 2008) was chosen
to estimate a base alignment. The paired alignments that had a high score (i.e., near
1.0) were considered to be reliable (Penn et al., 2010) while unreliable sequences were

removed and the trimmed multiple sequence alighnments were saved in FASTA format.

2.7.1.3 leBIBI®®P? tool for species identification based on 16S rRNA gene

The Quick Bioinformatics Phylogeny of Prokaryotes |eBIBI®®"? tool (Falndrois et al.,
2015) was used to identify the isolates based on their query sequences by using a

proximate Maximum Likelihood (ML) approach.

2.7.1.4 MEGA 6.0 for Phylogenetic analysis

The program MEGA (Molecular Evolutionary Genetics Analysis) version 6.0 (Tamura et
al., 2013) employing the distance algorithmic Neighbour Joining (NJ) approach (Saitou &
Nie 1987) was used to infer phylogenetic relationships and produce a phylogenetic tree
from the data.. The suitability of the sequences for a NJ tree was determined with the

average pairwise Junkes-Canter (JC) distance. The reliability of the resulting tree
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topologies was estimated by 1000 bootstrap resamplings and branches that have less

than 50% support were removed by choosing Condensed Tree default (Hall, 2011).

2.7.1.5 FastQC tool

FastQC (Andrews et al., 2011) provides a high quality control for high throughput raw
sequence data. It provides a modular set of analyses which can be used to give a quick
impression of whether the raw sequence data has any issues before doing any further

analysis.

2.7.1.6 SPAdes 3.5 Genome Assembler

Spades 3.5 (Nurk et al., 2013) was used to perform de novo assemblies for sequenced
genomes. The loaded raw data were in fastq format. The settings were: run assembly
with read error correction, suggesting enabling single-cell mode, careful correction, k-
mer values: 22,33,55,77 and library type: single reeds. The outputs were 5 files of
SPAdes contigs (fasta), SPAdes contigs (stats), SPAdes scaffolds (fasta), SPAdes scaffold
(stats) and SPAdes log.

2.7.1.7 QUAST 2.2 tool

To evaluate genome assemblies QUAST was used (Gurevich et al., 2013). The input data
was in fasta format. The tool accepts multiple assemblies, thus was suitable for

comparison.

2.7.1.8 ResFinder - 2.1 tool

ResFinder (Zankari et al. 2012) can identify acquired antimicrobial resistance genes in
complete or partial sequenced isolates of bacteria. The settings were 50% identity

threshold, 60% minimal length and contigs as type of reads.
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2.7.1.9 PHAge Search Tool (PHAST)

PHAST (Zhou et al., 2011) was used to identify prophage sequences within bacterial

genomes. The input data was in fasta format.

2.7.1.10 RAST for Bacterial Genome Rapid Automatic Annotation

The genomic contigs belonging to the strains used in this study were submitted in Rapid
Annotation Subsystem Technology (RAST) (Aziz et al., 2008). RAST is designed to rapidly
call and annotate the genes of a complete or essentially complete prokaryotic genome.
The input data was in fasta format. The settings were: Taxonomic ID = 1883, Domain =
bacteria, Genus = Streptomyces, Species = undefined, Genetic code = 11, RAST
annotation scheme = RASTtk, Gene caller = RAST, FIGfam version = Release 70. The

output data was in Genbank (.gbk), EMBL (.embl) and GFF (.gff) formats.

2.7.1.11 antiSMASH (antibiotics & Secondary Metabolite Analysis SHell) tool
antiSMASH 3.0 tool (Blin et al., 2013) was used to search for secondary metabolite

biosynthesis gene clusters in sequenced genes. The input data was in GenBank format.

The settings were: search for Gene Cluster Blast analysis, Known Gene Cluster Blast
analysis, Subcluster Blast analysis, smCOG analysis for functional prediction, Active site

finder, Whole-genome PFAM analysis and Enzyme Commission (EC) number prediction.

2.7.1.12 ClusterFinder tool

ClusterFinder tool (Cimermancic et al., 2014) was used to detect and extract putative
biosynthetic gene clusters of unknown types in sequenced genomes. The input data was

in GenBank format. The settings are same as in AntiSMASH 3.0 tool.
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2.7.1.13 REALPHY 1.10 tool

REALPHY tool (Bertels et al., 2014) was used to infer phylogenetic tree of isolate_99
with those of closely related Streptomyces strains based on whole genome sequences.
The input data was in fasta format. The settings were minimum read length 200,
minimum per base coverage 10, minimum PHRED quality 20 and the query mapped to

each of the references via bowtie2 algorithm (Trapnell et al., 2012).

2.7.1.14 Genome to Genome Distance Calculator (GGDC) tool

GGDC tool (Meier-Kolthoff et al.,, 2013) was used to measure in silico DNA-DNA
hybridisation (isDDH) values between isolate_99 and the most closely related strains
based on whole genome sequences data. This tool supports both complete and draft
genomes. The input data was in fasta format and GGDC 2 BLAST + alignment method

was chosed for finding intergenomic matches.

2.7.1.15 Average Nucleotide Identity (ANI) (Goris et al, 2007)

ANI tool was used to estimate the average nucleotide identity between isolate_99 and
the most closely related strains using both ANIb based on BLAST+ and ANIm based on
MuMer options. This tool supports both complete and draft genomes. The input data
was in fasta format. The settings were minimum length 200, minimum identity 50 and

minimum alignment 50.

2.7.1.16 Proteome Comparison tool

Proteome comparison tool (Wattam et al., 2014) was utilised to perform proteome
comparison identity between isolate_99 and the most closely related strains. The tool

runs a BLASTP comparison for CDSs identity which represented in colour intensities.
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2.7.1.17 SEED viewer tool

SEED viewer tool (Overbeek et al., 2014) was used for functional comparisons between
isolate_99 and S. turgidiscabies and S. graminilatus genomes via defining genes

associated with a functional role in a bacterial genome as a subsystem.
2.7.1.18 CLC Bio Genomics Workbench 8.0

CLC software version 8.0 (Qiagen Bioinformatics) was utilised for RNA-Seq data analysis.
The RNA-Seq raw data in fastq format were imported into CLC Genomics workbench
and analysed by using the tools: Trim, RNA Seq Analysis, and Differential expression
analysis using the EGDE algorithm (Robinson et al., 2010). The default settings were
selected and the isolate_99 genome sequence was used as a track (reference) in a

Genbank (gbk) format.

2.7.1.19 TopHat, Cufflinks and CummeRbund tools

TopHat and Cufflinks tools (Trapnell et al., 2009; Trapnell et al., 2012) were used for
differential gene and transcript expression analysis of RNA-Seq experiment. The raw
data files were downloaded in BAM format from the lon Torrent Server and were
uploaded onto the Galaxy platform (Afgan et al., 2016). CummeRbund tool (Trapnell et

al., 2012) was utilised for visualising RNA-Seq analysis results.
2.7.2 Databases

2.7.2.1 GenBank database

The GenBank, National Centre for Biotechnology Information (NCBI) nr/nt database was
searched with the query sequences of the 16S rRNA gene obtained from sequencing

analysis using the Nucleotide Basic Local Alignment Search Tool (BLASTn) program
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(http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi). Also, it was used to download complete

or draft genome sequences which used in this study.

2.7.2.2 BLAST (Local Alignment Search Tool)

BLAST is an online software that searches for homology to the input template sequence
against entire sequences which are available on the sequence database (Altschul et al.,

1990) , such as Genbank (www.ncbi.nlm.nih.gov/genbank/), which maintains at the

National Centre for Biotechnology Information (NCBI) in the United States; the

European Molecular Biology Laboratories (EMBL) (www.ebi.ac.uk/embl/), which

maintains at the European Bioinformatics Institute (EBI) ; and the DNA Data of Japan

(DDBJ) (www.ddbj.nig.ac.jp/), which maintains at the National Institute of Genetics

(NIG) in Japan. The tool can find similarities in nucleotide database thorough BLASTN
algorithm or protein database through BLASTP algorithm using nucleotide or protein
query respectively. The tool also has the power for finding similarities genes and
protein-coding genes through forms of the algorithms, BLASTX, TBLASTN, and TBLASTX
because they identify and translating amino acid similarities in nucleotide sequences

(Korf, 2003).

2.7.2.3 BacMet (Antibacterial Biocide & Metal Resistance Genes) database

The BacMet is a robust manually curated database for identifying of biocide and metal-
resistance genes in proteins and DNA sequences through BLASTP and BLASTN
respectively (Pal et al., 2014). The database maintains experimentally verified resistance
genes along with similar sequences genes predicted in public databases that have
conserved function. It contains 704 experimentally confirmed resistance genes and
40556 predicted resistance genes. The database has two subdatabases: BacMet
Experimentally Confirmed database and BacMet Predicted database. BacMet is

maintained at the University of Gothenburg, Sweden.
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2.7.2.4 Silva database

The Silva database (Quast et al., 2013) was searched with the query sequences of the
16S and 23S rRNA genes obtained from sequencing analysis. The SILVA database is
developed and maintained by the Microbial Genomics and Bioinformatics Research
Group in Bremen, Germany, in cooperation with the Department of Microbiology at the

Technical University Munich and the Ribocon GmbH.

2.7.2.5 List of Prokaryotic names with Standing in Nomenclature (LPSN) database

LPSN (http://www.bacterio.net ) database was used to know the list of species in the

genus of Streptomyces, which currently contains 793 validly described species, along
with their 16S rRNA sequences. The database lists the names of prokaryotes (Bacteria
and Archaea) that have been validly published in the International Journal of Systematic
and Evolutionary Microbiology directly or by inclusion in a Validation List, under the

Rules of International Code of Nomenclature of Bacteria (Parte, 2013).
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Chapter 3:

Isolation, Identification, Lead (Pb) - metal Induction and

Bioassay against ESKAPE Pathogens
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3.1 Isolation

Our interest is focused on microorganisms belonging to the actinomycetaceae family,
and specifically to the Streptomyces genus, the members of which have demonstrated
important antimicrobial activity. Therefore, during the course of screening of new
isolates for antimicrobial activities, many uninteresting microorganisms could be
excluded due to their dissimilarities to actinomycete characteristics; thus, only
representative isolates were finally selected for further purification. After a three-week
incubation on HAV agar medium, bacterial colonies were isolated. Colonies were slow
growing, aerobic, chalky, heaped, folded and with aerial and substrate mycelia of
different morphologies. The isolated microorganisms were further subcultured, purified

and maintained on MYM and MS media

3.2 Morphological Identification

To elucidate their growth characteristics, the candidates were grown on ISP-2 - ISP-7
media. It was observed that some of the isolates produced diffusible pigments in the
surrounding medium; others produced reverse side pigments. Some isolates
represented various colony and cell morphologies, and growth characteristics (Appendix
A) on the different ISPs media. These properties are among many others recommended
by Shirling and Gottlieb (1972) for the description of Streptomyces. Moreover, a wide
variety of isolates possess an earthy odour which is known as geosmin (Pollak and
Berger, 1996). However, the amount of growth, aerial mass colour, reverse side colour
and soluble pigment production of any of the isolates appeared to be influenced by the
medium composition, growth conditions, and age of culture. Pigment production has
been widely used to identify and classify Streptomyces species (Kampfer, 2012). It was
recognised that morphological features, in particular aerial growth and soluble pigment
colours of Streptomyces members are different from other actinomycetes. From the

results, it was observed that biosynthesis of pigments related to the medium
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composition used. Consequently, it has been suggested to grow Streptomyces on
different culture media (Shirling & Gottlieb, 1966; Goodfellow et al., 1983; Kieser et al.,
2000). Each medium used in our experiments has a different nitrogen and/or carbon

source and this might have an effect on metabolic pathways of pigment excretion.

3.3 Stereoscopic Microscope ldentification

Microscopically, it was observed that the morphology of the colony and aerial hyphal
mycelium on HAV agar varied depending on the isolated strain (Figure. 3.1), which was
used among other features to propose differences between the isolates. Microscopic
examination is of high value in terms of Streptomyces determination and differentiation
(Kampfer, 2006). However, due to the high number of species (many novel) continuing
to be isolated, it is highly recommended to identify, classify and discriminate the
members of the genus Streptomyces on the basis of sequence analysis of 165 rRNA/DNA

gene besides cultural and conventional methods.
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Figure 3.1 Example of six colonies (A-F) under a stereoscopic microscope (Nikon SMZ1500)
showing the growth pattern and phenotype characteristics of some of isolates on HAV medium

at 30°C for 7 days. Each isolate has different aerial hyphae phenotypic feature.
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3.4 Molecular Identification

3.4.1 16S rRNA gene identification

In order to confirm that the isolated species belong to the Actinomycetaceae family, the
16S rDNA gene was amplified, sequenced and analysed. After gel electrophoresis, the
size of the PCR fragment bands of 16S rRNA were 1500 bp (Figure 3.2). To find the most
similar strains, the 16S rRNA sequences of all isolates were subjected to leBIB| Q&PP
system (Falndrois et al., 2015) (Table 3.1). Since the universal primers used in 16S rRNA
gene amplification were successfully amplified the control DNA (Streptomyces coelicolor
M145) and no amplification occurred in the negative control (no DNA template), and
produced PCR fragments of 1500bp in size (Figure 3.2), therefore, it is highly
recommended to use these primers in detecting the genus of Streptomyces from pure
cultures. The 16S rRNA is distributed and conserved among all bacteria (Chakravorty,
2007), for this reason it was chosen as the target gene for PCR amplification. Unlike
other bioinformatics tools, BIBI promotes a phylogenetic approach to find the most
similar strain. By convention, phylogeny is applied to confirm the 97% similarity among

of very closely related sequences or to resolve marginal situations (Keller et al., 2010).
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16S rRNA

1Kb Ladder NC S2 S3

1500 bp

Figure 3.2: Agarose gel electrophoresis of PCR fragments obtained by amplification of
the 16S rRNA gene from pure cultures of six isolates as an example (S1-S6). The bands
from left are: 1Kb Hyperladder, negative control (NC), positive control (PC, S. coelicolor
M145) and six isolates in order (S1-S6). All bands are 1500 bp in length as compared

with the Hyperladder marker.
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Briefly, a BLAST search (Camacho et al., 2009) is applied by most of other alignment-
based nucleotide sequence identification tools to give several of the closest hits that
match to the query sequence. This, however does not mean that the closest BLAST hit is
the nearest phylogenetic neighbour (Koski & Golding, 2001), and this may lead to strain
misidentification (Keller et al., 2010). However, to overcome this problem and for a
more accurate identification, BIBI combines a BLAST search with the alignment of
resulting similar sequences, and proposes an identification of the species of origin of the
input sequence through phylogenetic reconstruction (Flandrois et al., 2015). To improve
the accuracy of query sequence identification, the references SSU-rDNA databases used
by this system contain tags for sequences of Type strains (Table 3.1). This database is
less susceptible to be contaminated by erroneous species identifications (Flandrois et

al., 2015).
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Table 3.1: Sequences with the most closely related strain to each of the query sequence as determined by producing approximate Maximum

Likelihood (ML) phylogenetic approach using leBIBI @°? tool (Falndrois et al., 2015).

Isolate No./

Query No. Length of query sequence | Quality of the BLAST analysis Biodiversity level Closest strain

9 1028 Passed with 98.8% of the query length | Actinobacteria Streptomyces ederensis T EU594481

11 1437 Passed with 96.2% of the query length | Actinobacteria Streptomyces umbrinus T AB184305

12 1397 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

13 1353 Passed with 99.2% of the query length | Actinobacteria Streptomyces yanii T KF772677

14 1352 Passed with 99.4% of the query length | Streptomycetaceae Streptomyces sp. T AF401982

15 1382 Passed with 97.1% of the query length | Actinobacteria Streptomyces turgidiscabies T AB026221
16 1396 Passed with 98.9% of the query length | Actinobacteria-Pseudonocardiales | Lentzea albida T AB006176

17 1407 Passed with 97% of the query length Actinobacteria Streptomyces turgidiscabies T AF361782
18 1359 Passed with 98.7% of the query length | Streptomycetaceae Streptomyces anulatus T AB184644

20 1359 Passed with 99.1% of the query length | Actinobacteria Streptomyces turgidiscabies T AF361782
21 1133 Passed with 99.6% of the query length | Streptomycetaceae Streptomyces lydicus T KF712383

22 1352 Passed with 99.7% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

24 1411 Passed with 98.2% of the query length | Streptomycetales Streptomyces albolongus T AY999756
27 1376 Passed with 97.5% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

28 1368 Passed with 98.5% of the query length | Actinobacteria Streptomyces turgidiscabies T AF361782
30 1399 Passed with 99.5% of the query length | Actinobacteria Streptomyces sp. T 1X983201

31 1305 Passed with 99.3% of the query length | Streptomycetales Streptomyces herbaricolor T AB184212
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32 1400 Passed with 97% of the query length Streptomycetaceae Streptomyces rishiriensis T AB184383

33 1358 Passed with 99.1% of the query length | Streptomycetaceae Streptomyces humidus T AB184213

36 1394 Passed with 98.9% of the query length | Actinobacteria-Pseudonocardiales | Lentzea violacea T AJ242633

37 1354 Passed with 99.1% of the query length | Streptomycetaceae Streptomyces flavogriseus T KF991636
38 1398 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

39 1394 Passed with 98.9% of the query length | Actinobacteria-Pseudonocardiales | Lentzea albida T AB0O06176

40 1417 Passed with 99.3% of the query length | Streptomycetaceae Streptomyces avidinii T AB184395

41 1452 Passed with 98.4% of the query length | Streptomycetaceae Streptomyces sp. T KI604921

42 1377 Passed with 99.4% of the query length | Streptomycetaceae Streptomyces goshikiensis T EF178693
43 1027 Passed with 98.8% of the query length | Actinobacteria Streptomyces aureus T KU198669

47 1353 Passed with 99.2% of the query length | Actinobacteria Streptomyces sanglieri T AB249945

49 1390 Passed with 98.7% of the query length | Micromonosporaceae Micromonospora aurantiaca T CP002162
50 1390 Passed with 98.7% of the query length | Micromonosporaceae Micromonospora matsumotoense T AF152109
51 1418 Passed with 99.6% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

52 1390 Passed with 98.7% of the query length | Micromonosporaceae Micromonospora aurantiaca T CP002162
53 1390 Passed with 98.8% of the query length | Pseudonocardiales Lentzea violacea T AJ242633

54 1396 Passed with 99.7% of the query length | Pseudonocardiales Lentzea violacea T AJ242633

55 1398 Passed with 96.5% of the query length | Streptomycetaceae Streptomyces humidus T AB184213

56 1352 Passed with 100% of the query length | Streptomycetaceae Streptomyces mauvecolor T AB184532
57 1000 Passed with 99.5% of the query length | Actinobacteria Streptomyces mirabilis T AB184412

58 1413 Passed with 100% of the query length | Streptomycetaceae Streptomyces goshikiensis T EF178693
59 1399 Passed with 99.3% of the query length | Streptomycetaceae Streptomyces_prunicolor T AB184294

60 1352 Passed with 98.7% of the query length | Streptomycetaceae Streptomyces avidinii T AB184395
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63 1037 Passed with 97.8% of the query length | Streptomycetaceae Streptomyces_lydicus T Y15507

64 1396 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces cirratus T AY999794

69 1352 Passed with 99.7% of the query length | Streptomycetaceae Streptomyces pratensis T JQ824045

70 1365 Passed with 99.8% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

71 1028 Passed with 99.3% of the query length | Streptomycetaceae Streptomyces aureus T KU198669

73 1214 Passed with 100% of the query length | Actinobacteria Streptomyces albus T AY99987

74 1430 Passed with 99.5% of the query length | Streptomycetaceae Streptomyces avidinii T AB184395

75 1405 Passed with 100% of the query length | Streptomycetaceae Streptomyces goshikiensis T EF178693
76 1364 Passed with 98.5% of the query length | Streptomycetales Streptomyces paucisporeus T AY876943
77 1359 Passed with 98.5% of the query length | Actinobacteria Streptomyces turgidiscabie T AF361782
78 1359 Passed with 98.7% of the query length | Streptomycetaceae Streptomyces humidus T AB184213

79 1431 Passed with 97.7% of the query length | Streptomycetaceae Streptomyces_sp. T AB856295

80 1344 Passed with 98.8% of the query length | Streptomycetaceae Streptomyces goshikiensis T EF178693
81 1433 Passed with 99.4% of the query length | Streptomycetaceae Streptomyces_sp. T AF401982

82 1395 Passed with 99.8% of the query length | Streptomycetaceae Streptomyces avidinii T AB184395

83 1404 Passed with 97.7% of the query length | Actinobacteria Streptomyces turgidiscabies T AF361782
85 1533 Passed with 99.1% of the query length | Streptomycetaceae Streptomyces_humidus T AB184213

87 1397 Passed with 98.0% of the query length | Actinobacteria-Propionibacteriales | Kribbella albertanoniae T KC283016

88 1390 Passed with 98.9% of the query length | Actinobacteria-Pseudonocardiales | Lentzea violacea T AJ242633

89 1020 Passed with 98.9% of the query length | Streptomycetaceae Streptomyces_praecox T AY999853

90 1116 Passed with 97.7% of the query length | Streptomycetaceae Streptomyces olivochromogenes T AY094370
92 1514 Passed with 99.8% of the query length | Streptomycetaceae Streptomyces olivochromogenes T AB184737
93 1351 Passed with 99.7% of the query length | Streptomycetaceae Streptomyces flavogriseus T KF991636
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94 1352 Passed with 99.4% of the query length | Streptomycetaceae Streptomyces_subrutilus T AB184372

96 1353 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces flavogriseus T KF991636

99 1533 Passed with 99.7% of the query length | Streptomycetaceae Streptomyces turgidiscabies T AB026221

100 1209 Passed with 98.3% of the query length | Streptomycetaceae Streptomyces_canus T AY999775

101 1435 Passed with 99.5% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

102 1399 Passed with 98.4% of the query length | Streptomycetaceae Streptomyces aureus T KU198669

103 1377 Passed with 97.1% of the query length | Streptomycetaceae Streptomyces subrutilus T AB184372

104 1019 Passed with 99.6% of the query length | Streptomycetaceae Streptomyces praecox T AY999853

105 1353 Passed with 99.7% of the query length | Streptomycetaceae Streptomyces_subrutilus T AB184372

106 1373 Passed with 99.4% of the query length | Streptomycetaceae Streptomyces flavogriseus T KF991636

108 1403 Passed with 97.5% of the query length | Streptomycetaceae Streptomyces geldanamycininus T DQ334781
109 1393 Passed with 99.3% of the query length | Streptomycetaceae Streptomyces cirratus T AY999794

110 1430 Passed with 97.5% of the query length | Actinobacteria Streptomyces_graminilatus T HQ268006

111 1028 Passed with 99.3% of the query length | Streptomycetacea Streptomyces olivochromogenes T AY094370
112 1377 Passed with 97.6% of the query length | Streptomycetaceae Streptomyces cirratus T AY999794

113 1352 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces_flavogriseus T KF991636

114 1357 Passed with 99.4% of the query length | Actinobacteria Streptomyces thermocarboxydus T AB249926
115 1032 Passed with 98.1% of the query length | Actinobacteria Streptomyces glomeroaurantiacus T AB249983
116 1403 Passed with 97.7% of the query length | Bacteria Nocardioides albus T AF004988

117 1199 Passed with 99.4% of the query length | Streptomycetacea Streptomyces aureus T KU198669

118 1352 Passed with 99.7% of the query length | Streptomycetacea Streptomyces flavofuscus T AB249935

119 1397 Passed with 99.2% of the query length | Streptomycetaceae Streptomyces griseochromogenes T AJ310923
120 1263 Passed with 99.2% of the query length | Actinobacteria Streptomyces bangladeshensis T AY750056
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3.4.2 16S rRNA gene phylogenetic tree

An unrooted phylogenetic tree of all isolates was categorised into five main clades on
the basis of their evolutionary distances calculated through the neighbour joining
method (Figure 3.3). The first clade (indicated by red circles) was further divided into
three sub clades, the first sub clade was further divided into isolates No. 54, 53, 88,
36, 39 and 16; the second sub clade was also divided into isolates No. 50, 52 and 49
leaving the third sub clade with two isolates No. 116 and No. 87. Table 3.1 shows the
closet strain for each query sequence determined by BIBI database, the isolates No:
54, 53, 88, 36, 39, 16, 50, 52, 49, 116, and 87 are most closely related to the
reference type strains: L. violacea T AJ242633, L. violacea T AJ242633, L. violacea T
AJ242633, L. violacea T AJ242633, L. albida T AB0O06176, L. albida T ABO06176, M.
matsumotoense T AF152109, M. aurantiaca T CP002162, M. aurantiaca T CP002162,
N. albus T AF004988 and K. albertanoniae T KC283016 respectively. Based on these
results, although these isolates mentioned above belong to the same clade (Figure
3.3), they belong to different genera of actinobacteria (Table 3.1). Isolates No. 54 and
53 are close to each other than isolates No. 88 and 36 despite their belonging to the
same reference type strain (L. violacea T AJ242633). Similarly, isolates No. 52 and 49
(M. aurantiaca T CP002162) are more close together than isolate No. 50 (M.
matsumotoense T AF152109) although they belong to the same sub clade. Conversly,
isolates No. 116 (N. albus T AF004988) and 87 (K. albertanoniae T KC283016) belong
to different genera although they are clustered together in the same sub clade.
However, because of the highly conserved nature of the 16S rRNA gene, it is not ideal
to infer the relationships of the individual clades with each other (Labeda et al.,
2012) therefore, genes that exhibit higher levels of variations from the 16S rRNA
gene, and notably the housekeeping and/or 23S rRNA are a valuable alternative for
inferring the phylogenetic tree and distinguishing between the members of each clad

(Han et al. 2012; Labeda et al., 2012; Rong & Huang 2012; Labeda et al., 2012).
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Figure 3.3: Unrooted Neighbour-Joining (NJ) phylogenetic tree based on almost
complete 16S rRNA gene sequences (1000 X BOOTSTRAP). Circular tree showing the
relationship between all strains isolated in this study using MEGAG6 software (Tamura
et al.,, 2013). Clades 1, 2, 3, 4 and 5 are indicated by red, black, green, blue and

brown circles respectively.
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3.5 Lead (Pb) — metal induction of bioactive secondary metabolites

The information available for exploiting heavy metals for induction of silent gene
clusters in actinomycetes and in particular Streptomyces to produce bioactive
metabolites is very scarce. However, a study carried out by Haferburg et al. (2009)
showed that compounds extracted from some Streptomyces strains grown in the
presence of nickel and cadmium metals displayed antimicrobial activity against
Escherichia coli, Mycobacterium smegmatis, Staph. aureus and Candida albicans.
These metal-inducible Streptomyces strains were isolated by the authors from the

former uranium mining area in Thuringia, Germany.

The Leadhills and Wanlockhead (the highest village in Scotland) sites were chosen to
collect our samples in this study. Many minerals had been mined there for many
centuries. The lead was mined in the area as early as Roman times (Mines Research

Group Committee, 1978).

During the course of screening the isolated Streptomyces strains for heavy metal
resistance, two of these isolates could be shown to produce bioactive metabolite (s)
when they were grown in presence of lead. These unknown compounds inhibited the
growth of the neighbouring cultures (Figure 3.4). These two promising isolates,
Isolate_85 and Isolate_99, were further investigated and showed an inhibition effect
against C. albicans and E. coli pathogens respectively. To determine the maximum
concentration of lead metal that allowed growth of the candidates and gave the
maximum effect against tested microorganisms, the antibiotic effect was evaluated
by measuring the zones of inhibition when they were grown on MM agar
supplemented with different concentrations of lead ranging from 0.5 to 2.0 mM
(Table 3.2). Additionally, eight out of all isolates were also found to be induced to
produce bioactive secondary metabolites when they were grown on minimal

medium supplemented with 1-2 mM Pb (Table 3.3).
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Plus heavy metal (Pb)

No heavy metal No heavy metal

Figure 3.4: Initial evidence for metal induced antibiotic production (areas near to the
red arrows. Isolate_85 (left-top) and lIsolate_99 (right-top) partially inhibited the
growth of the neighbouring Streptomyces strains on MM agar supplemented with 2.0

mM of Pb. MM agar without Pb (bottom) for both isolates was used as a control.
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Table 3.2: This table shows isolate_ 85 and isolate_99 activity inhibition zones
against Candida albicans and E. coli respectively when they were grown on MM agar
supplemented with different concentration of Pb ranging from 0.5 to 2.0 mM. MM
agar without isolates (last column) but same concentrations of Pb was used as a

control.

Isolate_85

2.0 21 0.0

Pb concentration (mM) E. coli / Inhibition zone Control / Inhibition zone

(mm) (mm)

0.5 0.0 0.0

15 18 0.0
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Table 3.3: Isolates that showed lead (Pb) - metal induction of bioactive secondary

metabolites.
Isolate Test microorganisms Inhibition zones Source
No. (mm)

control / Pb

85 C. albicans 0/21 Leadhills / sediment

22 C. albicans 0/15 Wanlockhead /

sediment

58 C. albicans 0/14 Leadhills / sediment

15 Staph. aureus 0/13 Leadhills / riverside




Isolate_85 and isolate_99 were further investigated to determine if they were also
able to be induced with previously identified antibiotic inducers. These two isolates
were grown on MM supplemented with different concentrations of N-
acetylglucosamine (GIcNAc) as carbon and nitrogen sources ranging from 5 to 50
mM. Also, these isolates were grown on MM supplemented with different
concentrations of sodium butyrate (NaBu) ranging from 25 to 200 mM. These two
experiments did not agree with both Rigali et al (2008), who have shown that GIcNAc
stimulated antibiotic production of Streptomyces under famine conditions of
optimum induction at 10 mM, and recently Moore et al (2012) who found that
adding NaBu to MS medium stimulated antibiotic production in some non-
Streptomyces microorganisms and enhanced ACT pigment production in S. coelicolor
A3(2) as a Streptomyces model of optimal induction at 100 mM (Figure 3.5). In a
parallel experiment, sodium acetate (C;H3zNaO) was added to MM medium with the
same concentrations of lead (1) acetate [Pb(CH3COO)] that induced isolate_85 and
isolate_99. This experiment was performed to see whether the acetate has an effect
of induction of biosynthesis because of low pH. It has been shown that sodium
acetate had no effect to stimulate these two strains for bioactive molecule

production (Figure 3.6 A).
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Isolate 85

Isolate 99
against against
C. albicans E. coli

Gene Bioactivity Effect Reference
cluster
induction

method

Isolate/MM —

Agar

Pb + Present study

GIcNACc Rigali et al. (2008)

NaBu Moore et al. (2012)
Pseudonocardia,
Saccharopolyspora &

S. coelicolor

Figure 3.5: Comparison of Pb with other well-known antibiotic production methods. Pb
clearly triggers antibiotic production against Candida albicans (left) and E. coli (right)
whereas GIcNAc and NaBu had no effect. Pb alone had no effect on C. albicans and
E. coli growth at the concentrations used in this study.MM + 1.5 mM and MM + 2.0
mM of Pb without strains were used as control.
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Figure 3.6: (A): comparison of adding lead acetate (PbAc) and sodium acetate (NaAc)
to induced isolate_85 for active metabolites against C. albicans. NaAc had no effect
to stimulate this strain for bioactive molecules production. (B): comparison of Pb
induction in MM medium versus complex media. MS and MS plus Pb, R2YE and R2YE
plus Pb were conducted to induce isolate_85 for active metabolites against C.
albicans. Isolate_85 and could not produce bioactive metabolites neither without nor
with adding Pb. (C) and (D): Streptomyces reference: S. coelicolor M145, S. albus
J807, S. avermitilis, S. venezuelae and S. rochei. None of the reference strains had
effects on C. albicans (C) and E. coli (D) growth at the concentrations used in this
study. Agar plugs of each Streptomyces cultures grown on different concentrations of
inducers plus a control plug containing only agar medium, were taken under sterile

conditions using a cork borer, and placed over LB agar containing the test pathogens.
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3.5.1 Pb induction in MM medium versus complex media

In order to examine the effect of complex media with high nutrient levels on
stimulation of these isolates to produce bioactive metabolites under lead stress, MS
agar and R2YE media were used. R2YE, the most rich and complex medium, is widely
used in experiments for antibiotics and bioactive metabolites production from
Streptomyces strains (Kieser et al., 2000; Rigali et al., 2008; Shepherd et al., 2010).
From the results (Figure 3.6 B), it was observed that isolate_85 and Isolate_99 could

not produce bioactive metabolites either with or without adding the inducer.

3.5.2 Bioactivity of isolates versus reference strains

Here, we carried out an experiment to compare the same conditions of lead
induction with some Streptomyces reference strains: S. coelicolor M145, S. albus
J807, S. avermitilis, S. venezuelae and S. rochei. There is no evidence that these
Streptomyces species were originally isolated from heavy metal contaminated areas.
From the results (Figure 3.6 C & D), none of these reference microorganisms were
able to be affected by the metal induction to produce active metabolites that inhibits

the growth of tested microorganisms.
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3. 6 Bioassay against ESKAPE pathogens

It was worthwhile to test these actinomycetes for their antimicrobial activity against
ESKAPE pathogens without adding any activators. The ESKAPE pathogens are
emerging pathogens of concern which represent clinically-relevant bacteria from
both nosocomial and environmental sources (Rice, 2008). These pathogens belong to
the group known as multi-drug resistant bacteria that exhibit resistance towards -
lactamases, vancomycin, methicillin, aminoglycosides, = macrolides and
fluoroquinolones antibiotics (Pendleton et al., 2013). For these reasons, the
discovery of novel antibiotics with new mechanism of action that are able to
antagonise the growth of these pathogens would have important implications for the

treatment of infectious diseases and medicine as a whole.

It is well known that antimicrobial compounds derived from Streptomyces have less
effect on Gram-negative than Gram-positive bacteria. The double cell membranes
present in Gram-negative bacteria play an important role to protect these organisms
against antibiotics (Gupta, 2011). Although the antimicrobial activity of compounds
derived from Streptomyces strains against Gram-positive bacteria has been reported
in several studies, only a few have reported activity against Gram-negative bacteria

(Higginbotham & Murphy, 2010; Bouras et al., 2013; Aouiche et al., 2014).

As illustrated in Table 3.4, some of isolates were found to be biologically active
against Gram-negative and some against the Gram-positive ESKAPE pathogens.
Interestingly, Isolate_56 was able to produce an active metabolite which has strong
activity against E. coli, K. pneumoniae and P. aeruginosa. This unknown metabolite (s)
was produced when this Streptomyces strain was grown on ISP-2, ISP-3, ISP-4 and

ISP-6 against both E. coli and K. pneumoniae, and only on ISP-6 against P. aeruginosa.
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Table 3.4: Overview of bioassay using agar plug technique of actinomycete isolates grown on ISP media that exhibited antimicrobial

activity against ESKAPE pathogens

Escherichia coli Staphylococcus Klebsiella Acinetobacter Pseudomonas Enterococcus
ATCC 25922 aureus ATCC 43300 | pneumoniae ATCC baumannii ATCC aeruginosa ATCC faecalis ATCC 51299
700603 19606 27853
Isolate | ISP- Isolate | ISP- Isolate | ISP- Isolate | ISP- Isolate | ISP- Isolate | ISP-
No. Medium No. Medium No. Medium No. Medium No. Medium No. Medium
No. (Type) No. (Type) No. (Type) No. (Type) No. (Type) No. (Type)
56 2,3,4&6 9 3,4,&5 56 2,3,4 &6 |17 4 56 6 11 5
11 3&4 69 4 63 6 17 2
19 4 96 4 118 6 38 5
20 5 50 5
31 3 70 5
50 6 73 2
54 4 76 5
59 4 &5 80 5
63 2&5 100 2
69 4 103 5
73 2,3,4&5 108 2
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76 2,3,4&5
96 5
100 2,3,4&5
108 2,3,4&5
110 4
115 4
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Similarly, isolate 63 and isolate 118 were also found to inhibit the growth of P.
aeruginosa when they were grown on ISP-6 medium. The growth of A. baumannii was
inhibited by isolates 17, 69 and 96 when they were grown on ISP-4. The number of
isolates that exhibited inhibitory activity against Gram-positive ESKAPE bacteria was
much higher than against Gram-negative pathogens. Seventeen and eleven isolates

were able to inhibit the growth of Staph. aureus and E. faecalis respectively.

The Streptomyces isolates also displayed a different range of activity based on the ISP
medium they were grown on. As shown in Figure 3.7, a higher number of strains
presented activity against Gram-positive ESKAPE bacteria when grown on ISP-4 (12
isolates), ISP-5 (8 isolates), ISP-3 (7 isolates) and ISP-2 (3 isolates) against Staph.
aureus, while ISP-5 (7 isolates) and ISP-2 (4 isolates) against E. faecalis. At the same
time no strains grown on ISP-6 and/or ISP-7 were active against Staph. aureus and/or
E. faecalis. Conversely, five isolates were found to be active against Gram-negative
ESKAPE pathogens which were grown on ISP-6, one isolate against E. coli, one isolate
against K. pneumoniae and three isolates against P. aeruginosa. A. baumannii was
more sensitive to ISP-4 than other media. None of the isolates were active against
ESKAPE pathogens when grown on ISP-7. From these results, the isolates were found
to be stimulated to produce secondary metabolites after small variation in culture
media composition. Amino acids are described as potential inducers of secondary
metabolites under the One Strain-Many Compounds (OSMAC) approach (Hofs et al.,
2000; Bode et al., 2002; Christian et al., 2005; Chai et al., 2012). In this regard,
isolates 17, 69 and 96 were able to produce a bioactive metabolite which inhibited A.
baumannii when they were propagated on ISP-4 medium which contains starch and
ammonium sulphate as sources for carbon and nitrogen respectively. Similarly, the
growth of P. aeruginosa was inhibited by isolates 56, 63 and 118 when they were
grown on ISP-6 medium which contains glycerol and L-Asparagine as carbon and
nitrogen sources respectively. From this it can be deduced that the carbon and
nitrogen sources used in ISP-4 and ISP-6 media seemed to play an important role in
induction of the silent gene clusters in these promising isolates. In a study performed
by Rateb et al. (2011) on Streptomyces sp. strain C34, three new compounds which

exhibited potent activity against Gram-positive bacteria were identified by application
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of an OSMAC approach within the same strain using variation of the cultivation
media. However, for evaluation of secondary metabolite production and to avoid the
complexity of the media compositions, biosynthesis of secondary metabolites of this
strain has to be screened on minimal medium supplemented with different carbon

and/or nitrogen sources separately.

94



Number of antibiotic producing strains
= = =
N H (@)} [ole} o N =Y

o

ISP-2 ISP-3 ISP-4 ISP-5
Type of medium

I ‘ |

ISP-6

ISP-7

Number of antibiotic producing strains per ISP medium

W E. coli

W Staph. aureus
B K. pneumonia
W A. baumannii
M P. ageruginosa

B E. faecalis

Figure 3.7: Number of actinomycetes strains exhibiting antibiotic activity against

ESKAPE pathogens per ISP medium.
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Chapter 4:

Whole Genome Sequencing (WGS) of Isolates 56, 85,
92, 99 and 118 using Next Generation Sequencing (NGS)
lon Torrent PGM Technology
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4.1 Next generation sequencing system technologies

DNA sequencing is an experimental process of determining the order of nucleotides
in a given DNA molecule. Precise knowledge about the DNA sequence of entire
genomes is paramount in identifying genes, transcripts, and proteins downstream,
and consequently in elucidating biochemical processes taking place in a given
organism (Herzyk, 2014). Different sequence technologies have been devised during
the last decades. Sanger sequencing with the use of chain-terminating
dideoxynucleotide triphosphates (ddNTPs) that caused base-specific termination of
primed DNA synthesis (Sanger & Coulson, 1977), was the first and the gold standard

method in DNA sequencing.

In the beginning of this century, several sequence platforms have been devised,
which differ from each other in terms of read length, data produced, and data quality.
These systems are referred to as next generation sequencing (NGS) technologies,
which employ massively parallel sequencing of millions of DNA fragments
simultaneously (Gupta & Gupta 2014). The most popularly used platforms are the
pyrosequencing technology by Roche 454 (Margulies et al., 2005), the reversible
terminator technology by Illumina (Turcatti et al., 2008), the oligo ligation technology
by SOLID (Valouev et al. 2008), the ion semiconductor technology by lon Torrent

(Rusk, 2011) and the single molecule real-time technology by PacBio (Mardis, 2011).

4.2 lon Torrent PGM Sequence Technology

The lon Torrent sequencer uses a novel detection approach based on ion detection
system (Rusk, 2011), in which the information comes from releasing a hydrogen ion
(H*) when a nucleotide is incorporated into the DNA molecules by the polymerase.
lon Torrent, with its lon Personal Genome Machine (PGM™) sequencer, recognises
whether the nucleotide is added or not by shifting in pH that scales with the number

of nucleotides incorporated (Rothberg et al., 2011). The built-in hypersensitive
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sensors in the ion-semiconductor sequencing chip are designed to distinguish and
detect the changes in pH (chemical event) as a result of a nucleotide incorporation
into a DNA strand and release of a hydrogen ion, and convert into voltage (digital
event). Each time the chip is flooded with one nucleotide after another, if a
nucleotide is not a match for a particular template, no voltage change will be
detected and no base will be called for that template. On the other hand, if there are
two identical bases on the DNA strand, the voltage is doubled, and the chip records

two identical base calls (Rothberg et al., 2011; Gupta & Gupta 2014).

4.3 Library size distribution using Agilent high sensitivity DNA Chip

Following size selection of the libraries and after PCR amplification of adaptor ligated
DNA, the amplified libraries were validated with Agilent Bioanalyzer 2100 using an
Agilent high sensitivity DNA chip. This measures DNA size fragments distribution in
base pairs (bp), concentration in pg/ul and molarity in pmol/l which are required to
calculate the DNA input for pooling the final libraries for whole genome sequencing.
Figure 4.1 below shows the output from the Agilent Bioanalyzer 2100, in these five
samples, the middle peak represents the DNA fragment size distribution,
concentration and molarity of DNA in each sample. The other two peaks represent

DNA markers.

The isolates 56, 85, 92, 99 and 118 were selected for whole genome sequencing on
the basis of their distinctive properties. Isolates 85 and 99 secreted unknown
bioactive compounds affecting the growth of the neighbouring Streptomyces spp.
cultures and exhibited a very strong activity against C. albicans and E.coli respectively
when they were grown on MM agar supplemented with lead metal (discussed in
chapter 3). Isolates 56 and 118 were candidates of Streptomyces strains that showed
bioactivity against Gram negative ESKAPE pathogens (discussed in Chapter 3). Isolate
92 showed a strong resistance towards zinc (Zn) metal. It was found to grow in up to

55 mM ZnCl,.

98



10360 —

m - — L
- [FU]
-

600 - 1000
500 =

9= 500

) = —

Isolate 56

150 -
5 Bl

mTTT
35 200

T T TTTT TITT
10380 [bp]

400 600

Region table for isolate_56

Average library Conc.
size (pb) [pg/ul]

Molarity
[pmol/I]

490 7,480.26

23,961.8

000 — = ——

m-— [
P 200

100 |

Isolate 92

T T TTTT 17701

TT
0 — 35 150

35— ——

LI

300 500 1000

Region table for isolate_92

Average library Conc.
size (pb) (pg/p]

Molarity
[pmol/l]

415 403.17

1,641.5

Isolate 118

10380 [bp]

-—
150 = - 35 300

500 1000

10380

Region table for isolate_118

Average library Conc.
size (pb) [pg/ul]

Molarity
[pmol/1]

511 7,863.78

25,154.8

[bp]

7000 —
- — [FU
1000 = —

600 —

- - 100
00 —

20 - 0

T TTT T

Isolate 85

150 —

100 - 35 150 300

35— ——

I TTTT TTTIT
500 1000 10380 [bp]

Region table fo

risolate_85

Average library
size (pb)

Conc.
[pg/wl

Molarity
[pmol/1]

445

350.66

1,268.1

7000 —
2000 - —
1000 — — [FU]

600 — — 200
500 — —

00 — —
00— 100
200 —

100 —

solate 99

35 = ——

TTTTT

T T TTTT TTT1
35 150 300

500 1000 10380 [bp]

Region table for

isolate_99

Average library
size (pb)

Conc.
[pg/wl

Molarity
[pmol/1]

430

453.45

1,711.6

Control

35 150 300

TTTITT TTTT
500 1000 10380 [bp]

Figure 4.1: Output from the Agilent Bioanalyzer 2100. In these five samples, high quality

DNA libraries were obtained. The middle peak represents the DNA fragment size

distribution. lIsolates 56, 85, 92, 99 and 118 had libraries sizes 490, 445, 415, 430 and 511

respectively. Also, it was possible to measure concentration and molarity of DNA in each

sample. The other two peaks represent DNA markers. In the control sample no peak was

detected.
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4.4 Bead loading percentage

The loading percentage of bead sequencing chip is the percentage of wells that
contain templated lon Sphere Particles (ISPs). This % value considers only the
potentially addressable chip wells and is a result of the software well classification
step. A pseudo colour image of the lon chip is generated showing percentage loading
across the physical surface. The ISPs loading percentage for isolates 85, 92 and 99 was
91% (Figure 4.2), whereas the ISPs loading percentage of isolate 56 and 118 was 75%
(Figure 4.3). Both obtained percentages are highly accepted as the minimum
threshold of loading is 230%. However, the loading percentage might be affected by
many factors. From the results, it has been seen that inserted libraries larger than
470bp (maximum recommended length of the 400pb sequencing) for downstream
steps resulted in low loading percentage as in isolate 56 and 118 where the input
libraries for these two strains were 490 and 511pb respectively (Figure 4.1). This
means that those two libraries did not amplify sufficiently on to the ISPs during
template preparation and may result in low loading percentage (Figure 4.3) compared

to loading percentage of isolates 85, 92 and 99 (Figure 4.2).

Low templated ISPs can also affect the loading percentage. According to the user
guide by Life Technologies (Pub. no. MAN0007218), the optimal template ISPs
percentage between 10-30% of that recovered from lon One Touch-2 (0OT2)
instrument. Although our samples fall within the recommended range values, 16%
and 27% for isolates 85, 92 and 99 and isolates 56 and 118, samples with low
percentage templated ISPs (<10%) can lead to low loading density on the lon chip and
consequently can lead to lower key signal and lower throughput, while samples with
high template ISPs (>30%) can lead to increase number of filtered reads and lower

throughput.
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Figure 4.2: Summary report of the whole genome sequencing run of isolates 85, 92 &

99: the ISP density percentage along with total bases and key signal; total reads along

with enrichment, clonal and polyclonal and final library values; the trimmed read

length; and the range value plot for accuracy and quality scores across all bases at

each position in the FastQC file.
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We had been facing some issues regarding the low loading percentage since we
switched from using lon PGM 400bp sequencing kit to lon PGM Hi-Q 400bp
sequencing kit in our lab using the lon PGM weighted chip bucket protocol (Pub. no.
MANO0007517). To overcome this issue, we have developed our loading protocol
(Appendix B) with help of Dr. Jana K. Schniete, a research associate at University of
Strathclyde, that fits with lon PGM Hi-Q 400bp sequencing kit and lon 316v2/318v2
chip types. Applying this developed protocol, the loading percentage was higher
(>70%) each time. The main different points of this developed protocol are to keep
the chip in the bucket and tilt it at a 45 degree angle and the pipette tip needs to be
at 90 degrees to the chip while loading the templated ISPs and perform five in and

out cycles of slowly pipetting the sample in and out of the chip ten times.

4.5 Total bases, total reads and read length

The throughput specifications of chip 316v2 type which is used in this study for 400bp
are 600 Mb — 1GB of total bases and 2-3 millions of total reads. The total bases of
isolates 85, 92 and 99 and isolates 56 and 118 were 1 GB and 749 Mb respectively,
whereas 3,609,264 total reads were for isolates 85, 92 and 99 and 2,817,519 total
reads were for isolates 56 and 118 (Figure 4.2 and Figure 4.3). It can be seen from the
read length histograms (Figure 4.2 and Figure 4.3), the median read length of isolates

85, 92 and 99 is 320bp whereas the read length of isolates 56 and 118 is 288bp.

It is obvious, therefore read lengths which were generated from inserting the
recommended library size and size distribution will lead to high loading percentage as
in case of isolates 85, 92 and 99 (Figure 4.1). Consequently, the final total bases of the
sequencing run seems to depend on the loading percentage density, total number of

reads as well as the median read length.
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4.6 FastQC

FastQC provides quality control (QC) analysis on biological raw data generated from
high-throughput sequencing (Andrews et al., 2011). The FastQC report showed that
per base sequence quality score for isolates 85, 92 and 99 was over 20 Phred quality
score (1 in 100 probability that the base is called wrong) for up to 370bp. Reads falling
below the minimum accepted value were trimmed (Figure 4.2). Similarly, the quality
score for isolates 56 and 118 was over 20 for up to 349bp (Figure 4.3). The higher the
score the better the base call. If the median value, which is represented by the central
red line, occurs on green areas these are very good quality calls, if the line occurs on
orange areas these are reasonable quality calls whereas calls of poor quality occur on

red areas.

4.7 De novo assembly

A wide variety of different bioinformatics tools are available to deal with and analyse
high throughput read length data that is generated by NGS sequencing (Hernandez et
al., 2008; Ekblom & Wolf, 2014). To perform de novo assembling, large amounts of
high quality reads are required. However, it is possible now with lon Torrent
technology to work and generate read length of around 400bp besides short reads of
200bp. Such a long read length aims to overcome the short read limitations of de
novo assembly without the use of a reference genome. As mentioned previously,
Streptomyces bacteria have high GC DNA content. GC-rich fragments can lower
assembly completeness and significantly reduce the performance of de novo
assembly strategy (Chen et al., 2013; Nurk et al., 2013). For this reason, the SPAdes
assembler (Nurk et al., 2013) was used to perform de novo assemblies on our isolates.
This assembly algorithm supports read outputs generated by lon Torrent technology
to overcome assembling datasets with high GC content by suggesting enabling single-
cell mode and using different k-mer lengths of 21,33,55,77. However, the accuracy of
assembly of GC-rich samples can be also improved by increasing the coverage depths

of the total amount of NGS data. In this regard, if we assume that the average length
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of Streptomyces genome is around 8Mbp, thus the obtained coverage depths of
isolates 56, 85, 92, 99 and 118 were 37%, 42%, 39%, 44% and 35% respectively, which
should be high enough to minimise the size of unsequenced regions and sufficient to
get good coverage for de novo draft genome assemblies. Desai et al. (2013) and Sims
et al. (2014) showed that 35X-50X data obtained from NGS platforms is sufficient to

get good coverage of small genomes such as bacteria and yeast.

4.8 General overview of the sequenced genomes

After the assemblies, it was possible to have a general overview of the sequenced
genomes. The general characteristics from the genomes and their quality checks are

illustrated in (Table 4.1).

4.8.1 Genome size and number of contigs

The genome sizes of the five isolates are quite big for a bacterium. It can be seen that
genome sizes for isolates 56, 85, 92, 99 and 118 were 8.9 Mbp, 10.8 Mbp, 7.1 Mpb,
9.2 Mbp and 8.5 Mbp respectively (Tabl 4.1). Nevertheless, values between 8.7 Mbp
and 11.9 Mbp are in the range of previous observations for genomes belonging to the
streptomycetes genus which have the largest genomes among bacteria (Harrison and
Studholme, 2014). Quast software (Gurevich et al., 2013) was used, in order to assess
the quality of the sequences after the de novo assembling (Table 4.1). To increase the
quality of assembled sequences, only contig lengths above 1000bp were involved for
the final number of contigs for each isolate. Accordingly, these sequences were
assembled to 788, 233, 464, 362 and 382 contigs for isolates 56, 85, 92, 99 and 118
respectively. In terms of number of contigs, the results from the GenBank database
where all complete and draft genomes of Streptomyces bacteria are available strongly
corroborate the results obtained in the our study. However, fewer but longer contigs
are preferable for other downstream analysis, in particularly for closing and finishing

bacterial genomes.
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4.8.2 N50 value

The N50 value is the major quality parameter in the analysis of the assemblies
(Makinen, 2012). Isolate 85 shows very good quality (Table 4.1). It’s N50 value is high
when compared to the other three assemblies from 92, 99 and 118 which still show a
satisfactory assembly quality, whereas isolate 56 has poorer quality. Obviously, the
N50 value of isolate 85 was three to four times higher than other isolates as a result
of reduction in the number of contigs (233) and consequently the number of largest

contigs was increased (66 contigs >= 50000bp) with a largest contig of 404158bp.
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Table 4.1: Quality assessment of the final assembly of the five isolates performed by

QUAST 2.2 (Gurevich et al., 2013).

Attribute Isolate_56 Isolate_85 Isolate_92 Isolate_99 Isolate_118
# contigs 788 233 464 362 382

# contigs (>=0bp) 788 233 464 362 382

# contigs (>=1000 788 209 411 333 382

bp)

# contigs (>=5000 492 165 270 251 284

bp)

# contigs (>= 10000 297 143 194 207 228

bp)

# contigs (>= 25000 85 118 93 116 121

bp)

# contigs (>= 50000 13 66 27 57 45

bp)

Largest contig 136584 404158 207880 221638 135713
Total length (pb) 8,9477,88 10,841,945 7,156,780 9,280,527 8,524,242
N50 18635 124964 34889 58666 40407

GC (%) 71.42 70.03 70.01 69.73 71.25
Mismatches:

#N's 0.0 0.0 0.0 0.0 0.0

# N's per 100 kbp 0.0 0.0 0.0 0.0 0.0
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4.8.3 GC % content

From the current sequenced bacterial genomes, it can be seen that GC content in
bacteria ranges from 15% to about 85% (Land et al., 2015). Free living bacteria that
inhabit the soil tend to have on average higher GC content and larger genome size
than associated bacteria, such as obligatory pathogens and symbionts (Rocha and
Danchin, 2002; Land et al., 2015). The GC content bias among bacterial genomes is
unclear; however Rocha and Danchin (2002) suggested that this might result from
competition for metabolic resources. Based on previously sequenced complete and
draft genome analysis of Streptomyces strains, the GC % varies from 66 — 74%
(Kampfer, 2012; Labeda et al., 2012; Aouiche et al., 2013; Harrison and Studholme,
2014). Hence, the values presented from the five isolates of 71.42% for 56, 70.03 %
for 85, 70.01% for 92, 69.73% for 99 and 71.25% for 118 (Table 4.1), corroborate the

previous observations.
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4.8.4 In silico antimicrobial resistance gene sequences

Identification of acquired antibiotic resistance genes was carried out using ResFinder
tool (Zankari et al. 2012). The ole(C) resistance gene, which confers macrolide,
lincosamide and streptogramin B resistance, was found in all of the five isolates
(Table 4.2). Additionally, Chloram-phenicol resistance gene, cmlV, was only found in
isolates 56 & 118 as well. Ole(C) and cmlV resistance genes were also found in
pangenomes of the fifteen Streptomyces strains with identity of 89.7% and 98.55%
respectively (Table 4.3). No antimicrobial resistance genes were detected in the core
of the fifteen finished genome. These results reveal that antimicrobial resistance
genes are not within the essential conserved genes of Streptomyces genome but they
are occurred much frequently in the dispensable region of the genome, that
contributes to the diversity characteristics, environmental adaptation, unigueness

and antimicrobial resistance of the bacterial species (Tettelin et al., 2008).
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Table 4.2: Identification of acquired antimicrobial resistance genes in the genome of

the five isolates using ResFinder-2.1 tool (Zankari et al. 2012).

Isolate No. | Resistance | % Identity | Query/HSP | Predicted phenotype | Accession
gene length number
Macrolide,
Lincosamide and
ole(C) 84.02 676 /978 Streptogramin B L06249
56 resistance
cmlV 81.14 1108 / Phenicol resistance U09991
1311
Macrolide,
Lincosamide and
85 ole(C) 85.37 943 /978 Streptogramin B L06249
resistance
Macrolide,
Lincosamide and
92 ole(C) 86.21 957 /978 Streptogramin B L06249
resistance
Macrolide,
Lincosamide and
99 ole(C) 85.56 942 /978 Streptogramin B L06249
resistance
Macrolide,
Lincosamide and
ole(C) 83.59 591 /978 Streptogramin B L06249
118 resistance
cmlVv 80.47 1111/ Phenicol resistance u09991
1311

HSP length: is the length of the alighment between the best matching resistance gene

and the corresponding sequence in the genome.
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Table 4.3: Identification of acquired antimicrobial resistance genes in the pangenome of the fifteen Streptomyces species (finished

genomes) using ResFinder-2.1 tool (Zankari et al. 2012).

Resistance gene % ldentity Query/HSP length Predicted phenotype Accession number
Aminoglycoside
aac(3)-Vila 80.88 617 / 867 Aminoglycoside resistance M22999
aac(6')-Isa 81.45 415 /474 Aminoglycoside resistance AB116646
aph(6)-la 100.00 924 /924 Aminoglycoside resistance AY971801
aac(3)-Xa 99.65 855 / 855 Aminoglycoside resistance AB028210
aph(4)-1b 99.90 999 /999 Aminoglycoside resistance X03615
Alternate name; aph(7")-la
aph(3")-la 99.63 819 /819 Aminoglycoside resistance M16482
MLS - Macrolide, Lincosamide and Streptogramin B
erm(0) 99.62 783 /783 Macrolide resistance M74717
ole(C) 89.70 942 /978 Macrolide, Lincosamide and L06249
Streptogramin B resistance
Phenicol
cmlV 98.55 1311 /1311 Phenicol resistance U09991
Tetracycline
otr(C) 84.76 722 /1056 Tetracycline resistance AY509111

Glycopeptide
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anX-Sc 100.00 609 / 609 Vancomycin resistance (Glycopeptid AL939117
resistance)
VanSc vancomycin resistance operon,

(VanSc, VanH-Sc and VanX-Sc)

VanH-Sc 100.00 1014 /1014 Vancomycin resistance (Glycopeptid AL939117
resistance)
VanSc vancomycin resistance operon,

(VanSc, VanH-Sc and VanX-Sc)

ddIA2-Sc 100.00 1041 /1041 Vancomycin resistance AL939117

HSP length: is the length of the alighnment between the best matching resistance gene and the corresponding sequence in the genome.
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4.8.5 Prophage sequences

Prophage sequences, which are inserted into the genomes of the bacterial strains,
were detected using PHAST (PHAge Search Tool) (Zhou et al., 2011). These analyses
showed that all five Streptomyces isolates have phage sequences. In isolate 56 there
are two prophages with 16 CDSs and 16 CDSs placed in the regions between 3.33
Mbp and 3.34 Mpb and 3.84 Mbp and 3.85 Mbp with lengths of 9.7 Kbp and 11.9 Kbp
respectively (Figure 4.4). One prophage was detected in isolate 85 with 12 CDSs
located from 7.96 Mpb to 7.97 Mbp with length of 9.4 Kbp. In isolate 92 there are 13
CDSs with a length of 11.3 Kbp. Also, in isolates 99 and 118 there is one prophage
region for each of these isolates as well, with 16 CDSs from 1.854 Mbp to 1.866 Mbp
with a region length of 11.5 Kpb and 25 CDSs from 2.24 Mbp to 2.26 Mpb with a
region length of 2.3 Kbp respectively. Isolates 92 and 99 were also shown to have
coding sequences for transposases (Figure 4.4). Recent findings suggest that phages
and transposons act as vehicles for antibiotic resistance genes (Balcazar, 2014;
Darmon and Leach, 2014), hence the presence of these sequences within
Streptomyces genomes might be considered to play a major role in resistance to

antibiotics and heavy metals.
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Prophage region: 1
Numberof CDS: 25

Location: from 2243046 to 2266524 (23479 bps)
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Figure 4.4: CDS in isolates 56, 85, 92, 99 & 118 retrieved by PHAST (Zhou et al., 2011).
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Chapter 5:

Genome Computational and Phenotypic Microarray
Characterisations of Isolate_99, a novel Streptomyces
strain, Compared with the Closest Related Strains:
Streptomyces turgidiscabies and Streptomyces

graminilatus
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5.1 16S and 23S rRNA genes

The bacterial 16S ribosomal RNA (rRNA) gene is the most conserved DNA that shows
considerable sequence diversity among different bacteria (Chakravorty, 2007). There
are a number of reasons that favour the extensive utilisation of the 16S rRNA to
study bacterial phylogeny and taxonomy. These reasons include firstly, it is
universally distributed in bacteria and archaea, thus the lineage among all bacteria
can be measured (Woese et al. 1985); secondly, it is conserved over time, which
enabled the design of suitable primers for PCR amplification; thirdly, it’s size
(1,500bp) is suitable for sequencing and provides enough information for analysis
(Patel, 2001; Mizrahi-Man et al., 2013). The sequencing of the 16S rRNA for a large
number of bacterial strains has been determined. Over 198 million sequences have

been deposited in Genbank (https://www.nchi.nlm.nih.gov/), the largest database of

gene sequencing, of which more than 13 million are of the 16S rRNA gene at time of
writing this chapter. The sequencing of the whole 1,500 bp region is important and
usually required to discriminate between particular taxa or strains, or describing a
novel species. (Sacchi et al., 2002). Therefore, it is necessary to consider whether the
gene should be sequenced in its entirety or whether the more commonly reported
shorter sequence can provide sufficient comparable information (Clarridge, 2004).
The 23S rRNA region has also been used, rather than 16S rRNA, in an attempt to
determine the phylogenetic relationships among bacteria, but it is rarely used
because of the lack of established broad-range sequencing primers, limited updated
databases and the difficulty of sequencing of the whole region (around 3,000 bp)
with early sequencing technology (Pie et al., 2009). Nevertheless, the Silva database
(Quast et al., 2013), is a comprehensive web resource that actively incorporates
small (165/18S) and large (235/28S) subunit ribosomal RNA sequences for all
domains of life (bacteria, archaea and eukarya). It was used for quality checked and
aligned both sequenced regions of 16S and 23S rRNA. The Silva database contains
over 6 million high quality full length sequences of small and large rRNA genes at the

time of writing this chapter.
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5.2 Phylogenetic relationship of isolate_99 with the closely related strains

Phylogenetic analysis of isolate_99 sequence with 16S rRNA of the highest 30 similar
strains of Streptomyces was carried out. The phylogenetic tree obtained by applying
the neighbour joining method is illustrated in Figure 5.1. It can be seen that S.
graminilatus and S. turgidiscabies are the most closely related strains to isolate_99
with identity of 98.6% and 98.25% respectively. On the other hand, the phylogenetic
tree obtained by applying the neighbour joining method of the highest 22 similar
strains to isolate_99 based on 23S rRNA sequence demonstrated that S.
turgidiscabies, S. xylophagus and S. prunicolor strains are the most close strains to
isolate_99 (Figure 5.2) with identity of 97%, 96.4% and 96% respectively. Surprisingly,
although S. graminilatus was the most closely related strain to isolate_99 based on
16S rRNA gene, it failed to appear in the 23S rRNA tree as in the 16S rRNA. It was also
possible to exhibit the relationship of isolate_99 and the most closely related strains
based on both 16S and 23S rRNA genes using high-throughput whole genome
sequencing (WGS) reads. It has been observed that isolate-99 was closely related to

S. turgidiscabies and S. graminilatus based on WGS reads (Figure 5.3).

Surprisingly, while the trees based on both 16S rRNA and WGS reads indicated that
isolate_99 is closely related to S. turgidiscabies and S. graminilatus (Figures 5.1 &
5.3), the tree based on 23S rRNA indicated that isolate_99 is closely related only to S.
turgidiscabies (Figure 5.2) but not to S. graminilatus that appeared on 16S rRNA and
WGS trees. This is hard to ignore, considering that 23S rRNA gene of S. graminilatus
was not found in both Silva and Genbank databases when we tried to retrieve and

download it manually.

119



1 - Streptomyces_bobili_JCM_4624T_(AB045876)

6
38 _|_— Streptomyces_galilaeus_JCM_4757T_(AB045878)

Streptomyces_phaeoluteigriseus_NRRL_ISP-5182T_(AJ391815)

60

Streptomyces_prunicolor NBRC_13075T_(BARF01000082)

35 16 —|_7 Streptomyces_chartreusis_NBRC_12753T_(AB184839)
49 .- Streptomyces_resistomycificus_NRRL_ISP-5133T_(JOBA01000220)

Streptomyces_aureocirculatus_NRRL_ISP-5386T_(JOAP01000131)

— Streptomyces_pseudovenezuelae_ NBRC_12904T_(AB184233)

67 80 Streptomyces_canus_NRRL_B-1989T_(AY999775)
99! Streptomyces_ciscaucasicus_NBRC_12872T_(AB184208)

| Streptomyces_flavovariabilis_NRRL_B-16367T_(JNXD01000071)

73

75

60 100 | Streptomyces_variegatus_NRRL_B-16380T_(JYJH01000110)

Streptomyces_lunaelactis_ MM109(KM207217)

i': Streptomyces_gelaticus_NRRL_B-2928T_(DQ026636)

Streptomyces_pulveraceus_LMG_20322T_(AJ781377)

63

93

Streptomyces_scopuliridis_NRRL_B-24574T_(JOEI01000056)
97 Streptomyces_cremeus_NBRC_12760T_(AB184124)
Streptomyces_spirowerticillatus_NBRC_12821T_(AB249921)
Streptomyces_candidus_NRRL_ISP-5141T_(DQ026663)

4T Streptomyces_albolongus_NBRC_13465T_(AB184425)

99 ! Streptomyces_cawourensis_NBRC_13026T_(AB184264)

Streptomyces_cacaoi_subsp._asoensis_NRRL_B-16592T_(DQ026644)
Streptomyces_humidus_NBRC_12877T_(AB184213)

100 | Streptomyces_ederensis_NBRC_15410T_(AB184658)
Streptomyces_umbrinus_NBRC_13091T_(AB184305)

Streptomyces_aurantiacus_NBRC_13017T_(AB184259)

Streptomyces_cinereoruber_subsp._fructofermentans_NBRC_15396T_(AB184647)

25
_|—Streptomyces rishiriensis NBRC 13407T (AB184383)

23 —— @ Isolate_99

Streptomyces_graminilatus_JL-6T_(HQ268006)

54 _|
68

Streptomyces_turgidiscabies_ ATCC_700248T_(AB026221)

0.002

Figure 5.1: Neighbour-Joining (NJ) phylogenetic tree based on 16S rRNA (1000X

BOOTSTRAP) showing the relationship between strain Isolate_99 (indicated by red

circle) and closely related species in the genus Streptomyces that obtained from Silva

database. Numbers appearing at nodes indicate the bootstrap percentage. Accession

numbers are given in parentheses.
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Figure 5.2: Neighbour-Joining (NJ) phylogenetic tree based on 23S rRNA (1000X
BOOTSTRAP) showing the relationship between strain Isolate_99 (indicated by red
circle) and closely related species in the genus Streptomyces that obtained from Silva
database. Numbers appearing at nodes indicate the bootstrap percentage. Accession

numbers are given in parentheses.
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Figure 5.3: Neighbour-Joining (NJ) phylogenetic tree based on whole genome
sequence data (assembled contigs) showing the relationship between strain
Isolate_99 and closely related species in the genus Streptomyces that were

obtained from NCBI database.
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However, the 23S rRNA gene of S. graminilatus was obtained directly from its draft
genome using RNAmmer (Lagesen et al., 2007), added and aligned manually to
construct a new 23S rRNA phylogenetic tree. Interestingly, S. graminilatus has
appeared again to be the closely related to isolate_99 based on 23S rRNA (Figure 5.4)
as well as 16S rRNA and WGS based trees. This might be explain why 23S rRNA gene
has not been widely implemented for both phylogenetic analysis and taxonomic
classification of bacteria and the sequence databases not been constantly updated

accordingly.

In the case of Streptomyces species, genes other than 16S rRNA have also been used
for studying phylogenetic relationships among strains. Guo et al. (2008), Rong et al.
(2009) and Rong and Huang (2010) have used MLST (Multilocus Sequencing Typing)
of five housekeeping genes, atpD, gyrB, recA , rpoB, and trpB to investigate the
phylogeny of Streptomyces. However, their MLST studies of the phylogenetic tree
were particularly useful for accurately determining phylogenetic relationships
between the clades of Streptomyces genus rather than between closely related

strains within this genus (Labeda et al., 2012).

As the bacterial genomes vary in size, and gene duplication, gene transfer, gene
deletion, gene fusion, and genes splitting are common, it was observed that using
the whole genome sequence for phylogenetic analysis is quite complicated, and that
the phylogenetic trees based on whole genome analysis are similar (Bansal & Meyer,
2002). Nevertheless, several studies have been attempted to construct phylogenetic
analysis of some bacterial genera (Foster et al.,, 2009; Rodriguez et al., 2012)
including Streptomyces genus (Alam et al., 2010). Here, we utilised a REALPHY
bioinformatics tool (Bertels et al., 2014) to infer a phylogenetic tree of isolate_99
with those of closely related Streptomyces strains based on whole genome
sequences. Unlike other traditional bioinformatics methods for reconstructing
phylogenetic trees from whole genome sequence data which are required the high
through put sequence reads to be assembled to contigs, annotated, identified and
aligned to orthologous coding regions (Luo et al., 2011; Rodriguez et al., 2012). This is

time consuming and requires a sophisticated combination of bioinformatics
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methods. REALPHY directly maps raw sequencing reads to the genome sequence of a
single reference, extracts and concatenats homologous sites into a multiple
sequence alignment from which the phylogenetic tree is reconstructed. Applying this
method, mapping biases from mapping to a single reference can be avoided by
implementing a procedure for merging alignments obtained by mapping to multiple
reference genomes into a single non-redundant alignment and accurate phylogenies

can be reconstructed (Bertels et al., 2014).

From the results, it is very obvious that isolate_99 is the most closely related to both
S. graminilatus and S. turgidiscabies. There is an excellent correlation between the
phylogeny of the three trees constructed based on 16S rRNA, 23S rRNA and WGS.
However, this might highlight the strength of ribosomal genes and WGS reads in
identifying relationships between closely related species in Streptomyces genus.
Thus, because of the limited availability of 23S rRNA gene on the sequence
databases, and that nearly 294 genomes of Streptomyces have been sequenced and
deposited in NCBI databases yet, it is likely that the 16S rRNA gene is an ideal choice
to infer the phylogenetic relationships between closely related species in the genus
of Streptomyces, which currently contains 793 validly described species along with
their 16S rRNA sequences according to list of prokaryotic names with standing

nomenclature (LPSN; http://www.bacterio.net/streptomyces.html; Parte, 2013).
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Figure 5.4: Neighbour-Joining (NJ) phylogenetic tree based on 23S rRNA (1000X
BOOTSTRAP) showing the relationship between strain Isolate_99 (indicated by red
circle) and closely related species in the genus Streptomyces that obtained from Silva
database after adding Streptomyces graminilatus 23S rRNA gene. Numbers appearing
at nodes indicate the bootstrap percentage. Accession numbers are given in

parentheses.
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5.3 Genome similarity using Average Nucleotide Identity (ANI) and in silico DNA-

DNA Hybridisation (isDDH) of isolate_99 with the closely related strains

Over the last few decades, traditional DNA-DNA hybridisation (DDH), which
indirectly measures the degree of genetic similarity between two genome
sequences, has been the gold standard method for bacterial species demarcation as
it provides a clear and objective numerical threshold for a species boundary, for
which 70% DDH was suggested and is widely used (Wayne et al., 1987). This
conventional method has been reported to be labour-intensive, error prone, the
procedures are time consuming and data produced cannot be compared with other
labs (Richter & Rossello-Mora, 2009; Auch et al., 2010; Kim et al., 2014). However, in
the era of genome sequencing and bioinformatics, it is now generally accepted that
genome sequencing has the potential to be a routine approach of measuring genetic
similarity between closely related species as a replacement for traditional DDH. New
robust bioinformatics tools and pipelines have been developed for correlating the
wet lab-based DNA-DNA hybridisation values with digital DDH-like similarity based on
computational comparisons of whole genome sequences. Average Nucleotide
Identity (ANI) has been developed by the Tiedje group (2005), and in silico DNA-DNA
Hybridisation (isDDH) by means of genome-to-genome sequence comparison
developed by the Goker group (2010). These two methods have been most widely
used as possible next generation gold standard approaches for measuring the degree
of similarity between the genomes of two strains based on whole genome
sequencing data (Konstantinidis & Tiedje, 2005; Richter & Rossello-Mora, 2009; Auch
et al., 2010; Kim et al., 2014; Varghese et al., 2015). It is now generally accepted that
with ANI among conserved and shared genes a threshold of 95 to 96% equates to a
conventional DDH threshold of 70% (Goris et al., 2007; Richter & Rossello-Mora,
2009). On the other hand, the isDDH method produces values that can potentially
mimic the wet-lab DDH boundary of 70% (Auch et al., 2010; Meier-Kolthoff et al.,
2013).
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Using the values above, the degree of genomic distanse between isolate 99 and
closely related species of S. graminilatus and S. turgidiscabies based on both 16S
rRNA (Figure 5.1) and 23S rRNA (Figure 5.4) genes; S. auranticalis based on 16S rRNA
gene (Figure 5.1); S. xylophagus, S. prunicolor and S. bottropensis based on 23S rRNA
gene (Figure 5.4); and S. avermitilis, S. scabiei, S. svicceus, S. coelicolor and S.
ghanaensis based on higher scores obtained from RAST annotation (Figure 5.5) were
determined. In general, all the results were below 95% (the species ANI cutoff value)

(Table 5.1) and below 70% (the species DDH cutoff value) (Table 5.2).

The results have shown that the ANI values between isolate_99 and the most related
species reached 88.7% and 91.2% at most when compared to S. turgidiscabies and
87.4% and 90.9% when compared to S. graminilatus using ANIb (BLAST algorithm)
and ANIm (MUMmer algorithm) respectively, whereas those between isolate_99 and
each of the other strains were below 80.7% and 86.3% using ANIb and ANIm
methods respectively (Table 5.1). It can be seen from Table 5.1 that the ANI values
calculated using the MUMmer algorithm (Kurtz et al., 2004) are higher than those
ANI values calculated with the BLAST algorithm (Altschul et al., 1997). Nevertheless,
when two genomes are closely related, ANIb and ANIm match ANI values very
closely, as it can be seen that the ANI value between S. albus J1074 and S. sp.
GBA_94-10 was 95.27% and 96.18% using ANIb and ANIm respectively (Table 5.1). S.
sp. GBA_94-10 is one of the six sequenced strains of the same species of S. albus
(Seipke, 2015). These two strains were used for validating the ANI values. Also, it was
noticed that when the relatedness between two genomes decreased, the disparity
between the ANIb and ANIm values increased (Table 5.1). However, in both
algorithms, the query genome is spliced in 1020 nucleotide stretches and each of
them blasted against the reference genome to calculate the ANI (Goris et al., 2007).
Additionally, MUMmer was shown to be a more efficient algorithm for large DNA

sequences, much faster and more precise (Richter & Rossello-Mora, 2009).

Conversely, regarding the isDDH values, isolate_99 had an in silico DDH 40.8% and
39.2% with S. turgidiscabies and S. graminilatus respectively (Table 5.2), that

clustered most closely together in the trees based on both 16S rRNA gene (Figure
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5.1) and 23S rRNA gene (Figure 5.4), whereas those between isolate_99 and each of
other strains were below 25% (Table 5.2). It was also possible to estimate if the two
strains belong to distinct or related subspecies by conducting comparisons with
subspecies boundaries >79% (same subspecies). To our knowledge, the isDDH
bioinformatics tool (Auch et al., 2010; Meier-Kolthoff et al., 2013), is the only tool for
estimating subspecies boundaries for either distinct or same subspecies by applying
formula of probability that DDH > 79% (same subspecies). This formula is more useful
when trying to discriminate between two genomes sharing >70% DDH value.
However, because of none of subjected genomes showed >70% isDDH value with
isolate_99, it was not worthwhile to consider their values. But, because a value of
74.6% isDDH was obtained between S. albus_J1074 and S. sp. GBA_94-10 trains,
which used for validating the DDH threshold of 70%, the probability that DDH > 79%
(same subspecies) was considered despite it was rejected as the value was 37.5%
(Table 5.2) which is below 79% threshold and therefore S. albus_J1074 and S. sp.
GBA_94-10 belong to district subspecies.

Interestingly, although isolate_ 99 was the most closely related strain to S.
graminilatus and S. turgidiscabies based on 16S rRNA gene with 98.6% and 98.2%
identity respectively (Figure 5.1), it appeared to be that S. turgidiscabies is the first
most closely related based on both the ANI (ANIb 88.7% and ANIm 91.2%) and isDDH
(40.8%), whereas S. graminilatus was the second most related strain based on both
the ANI (ANIb 87.4% and ANIm 90.9%) and isDDH (39.2%). It has been reported that
97% 16S rRNA gene sequence similarity corresponded to 70% DDH (Stackebrandt
and Goebel, 1994), and that DDH is only required when 16S rRNA gene sequence
similarity between two strains is > 97% (Tindall et al., 2010). Even though, thresholds
over 98.7% have also been applied (Stackebrandt and Ebers, 2006) as it is hard to
differentiate two species using 16S rRNA gene sequences alone, as some species
share at least 98% 16S rRNA gene sequence similarity, 95% of ANI, and 70% isDDH
(Konstantinidis & Tiedje, 2005; Thompson et al., 2013; Kim et al., 2014). Thus,
although isolate_99 had shared more than 98% 16S rRNA gene sequence similarity
with both S. turgidiscabies and S. graminilatus strains, it is clear that isolate 99

belongs to a new Streptomyces strain where in silico DNA-DNA hybridisation (isDDH)

128



value cmparing with the genomic sequence of S. turgidiscabies, the closely related
strain, was lower than 41% with 3.34% probability of being the same species (Table
5.2). This isDDH value is even lower than the controversial DDH values >60-70%
(Richter & Rossello-Mora, 2009) to show enough dissimilarity to their closest relative
species. Moreover, the Average Nucleotide Identity (ANI) values of isolate_99
compared to S. turgidiscabies were lower than the threshold of 95% (ANIb 88.7% and
ANIm 91.2%), showing a strong evidence that isolate_99 is a novel species of genus

Streptomyces.
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Table 5.1: in silico pairwise genome comparison of Average Nucleotide Identity (ANI)
between isolate_99 and the most closely related strains using ANIb and ANIm

bioinformatics tools.

ANIb based on ANIm based on

Genome  BLAST+ MuMer
Query Reference size
genome genome (Mpb) /
GC (%)
Isolate 99 S. turgidiscabieis 10.8/ 88.76 91.28
69.9

Isolate 99 S. xylophagus 11.3/ 80.86 86.11

69.8

Isolate 99 S. aurantiacus 8.7/72.0 77.61 85.31

Isolate 99 S. avermitilis 9.1/70.7 80.97 86.29

Isolate 99 S. sviceus 9.3/68.5 81.24 86.07

Isolate 99 S. ghanaensis 8.5/69.8 79.77 85.95
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Table 5.2: in silico Whole Genome DNA-DNA hybridisation (isDDH) between

Isolate_99 and the most closely related strains using GGDH bioinformatics tool.

Query genome Reference DDH Probability Probability that
genome estimate that DDH > DDH > 79% (same
(GLM- 70% (same subspiecies)
based) species)
Isolate 99 S. 40.80% +/- 3.34% 0.83%
turgidiscabieis 2.52
Isolate 99 S. graminilatus ~ 39.20% +/- 2.23% 0.58%
2.6
Isolate 99 S. xylophagus ~ 25.60% +/- 0.01%
2.41
Isolate 99 S. prunicolor 25.40% +/- 0.01% 0.01%
2.41
Isolate 99 S. aurantiacus ~ 25.50% +/- 0.01% 0.01%
2.40
Isolate 99 S. bottropensis  25.00% +/- 0.01% 0.01%
2.40
Isolate 99 S. avermitilis 25.80% +/- 0.01% 0.01%
2.41
Isolate 99 S. scabiei 24.80% +/- 0.01% 0.01%
2.40
Isolate 99 S. sviceus 25.80% +/- 0.01% 0.01%
2.3
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Isolate 99

Isolate 99

Isolate 99

S. albus_J1074

S. coelicolor

A3 (2)

S. ghanaensis

Isolate 99

S. sp.
GBA_94-10

24.50% +/- 0.01%
2.3
25.20% +/- 0.01%
2.3
100 +/- 98.3%
0.0
74.60% +/- 87.80%
3.33
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5.4 Proteome based comparison using the proteome comparison bioinformatics

tool

Isolate_99 and the closely related Streptomyces strains: S. avermitils (score: 533), S.
scabiei (score: 417), S. sviceus (score: 408), S. coelicolor (score: 355) and S.
ghanaensis (score: 341) based on scores from their annotation using RAST (Aziz et al.,
2008); and S. turgidiscabies and S. graminilatus based on 16S and 23S rRNA genes; S.
xylophagus and S. prunicolor based on 23S rRNA gene were compared. The proteome
comparison bioinformatics tool in PATRIC resources (Wattam et al., 2014) was
utilised. The tool runs a BLASTP comparison for CDS identity which is represented in
colour intensities, where the blue colour represents the highest protein sequence
similarity and red represents the lowest. Obviously, figure 5.5 (left) shows the low
homology between isolate_99 and the five closest strains from RAST, with very little
CDS similarity 70-80%. However, these five strains had also low ANI (ANIm, in this
case): S. avermitilis (86.2%), S. scabiei (86.3%), S. sviceus (86%), S. coelicolor A3 (2)
(85.7%) and S. ghanaensis (85.9%) (Table 5.1) and isDDH: S. avermitilis (25.8%), S.
scabiei (24.8%), S. sviceus (25.8%), S. coelicolor (24.5%) and S. ghanaensis (25.2%)
(Table 5.2) values when they compared with isolate_99. Moreover, S. turgidiscabies
and S. graminilatus strains have more similarity to isolate_99 than the other with
CDSs similarity 90-95% (Figure 5.5, right) because its track has more proteins that are
oranges and greens than reds and oranges. Also, these two strains had higher ANI
and isDDH values than the others as discussed above. Nevertheless, isolate 99
appears different from S. turgidiscabies and S. graminilatus because its track has

many more proteins that are blues than yellows and greens.
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Percent protein sequence identity
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S. avermitils (score:533)

S. turgidiscabieis (98.25%)

S. scabiei (score:417
( ) S. graminilatus (98.6%)

S. sviceus (score:408)

S. xylophagus (96.4%
S. coelicolor A3 (2) (score:355) xylophagus )

S. prunicolor (96%)

Figure 5.5: Proteome comparison of Isolate_99 against the closest neighbours based on RAST (left), 16S and 23S rRNA (right). Track order is from
the outside: Isolate_99, S. avermitilis MA-4680 (score:533), S. scabiei 87.22 (score:417), S. sviceus ATCC 29083 (score:408) S. coelicolor A3(2)
(score:355), S. ghanaensis (score:341) (left) and : Isolate_99, S. turgidiscabieis (16S 98.25%), S. graminilatus (16S 98.6%), S. xylophagus (23S 96.4%)
and S. prunicolor (96%) (right). Colour key is used to estimate the similarity of each protein over the chromosome. It looks like isolate_99 strain is

not similar to the other strains because its track has more proteins that are blues than oranges, yellows and greens.
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5.5 Genome function comparative analysis with RAST and SEED - viewer

For the purpose of this analysis, the contigs of isolate_99, S.turgidiscabies and S.
graminilatus were annotated using the Rapid Annotation System Technology (RAST)
(Aziz et al., 2008). A total of 11,872, 9640 and 8258 protein encoding genes (CDSs)
were predicted respectively. The CDSs were classified by their metabolic function
and compared to classified CDSs found in the others. According to the RAST analysis,
isolate_99 had 22% subsystem coverage of all known metabolic processes with 2,555
CDSs; S. turgidiscabies had 30% subsystem coverage of all known metabolic
processes with 2,875 CDSs and S. graminilatus had 29% subsystem coverage with
2,328 CDSs (Table 5.3). However, these values indicate that despite isolate_99 having
lower subsystem coverage of all known metabolic process than S. turgidiscabies and
S. graminilatus, it still has more genes to be identified. Additionally, the SEED
subsystems annotation engine, which defines genes associated with a functional role
in a bacterial genome as a subsystem (Overbeek et al., 2014) was used for functional
comparisons between isolate_99 and S. turgidiscabies and S. graminilatus genomes.
The annotated ORFs of isolate 99, S. turgidiscabies and S. graminilatus were
classified into categories as shown in figures 5.6, 5.7 and 5.8 respectively. As a result
of this classification, 362, 446 and 420 subsystems were found in isolate_99, S.
turgidiscabies and S. graminilatus strains, respectively. However, comparison of the
genes found in the metabolic subsystems categories was overall similar with
exception of the abundance of the subsystem categories in each strain. In isolate_99,
subsystem categories representing the metabolism of carbohydrates, amino acids,
proteins, and cofactors, vitamins, prosthetic groups, or pigments, are the most

abundant, and they account for 710, 737, 288 and 306 respectively (Figure 5.5).
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Table 5.3: Subsystem* coverage of Isolate_99, S. turgidiscabieis and S. graminilatus

in the RAST annotation (Aziz et al., 2008).

Subsystem coverage Isolate_99 S. turgidiscabieis S. graminilatus
in subsystem (%) 26% 30% 29%
non-hypothetical 2462 2748 2235
Hypothetical 93 127 93

not in subsystem (%) 78% 70% 71%
non-hypothetical 4182 3347 2756
hypothetical 5135 3532 3174

*Rapid Annotations based on Subsystem Technology, uses a "Highest Confidence
First" assignment propagation strategy based on manually curated subsystems and
subsystem-based protein families that automatically guarantees a high degree of

assignment consistency.
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A total of 356 subsystems participate in the metabolism of fatty acids, lipids, and
isoprenoids. 71 subsystems are involved in metabolism of aromatic compounds; of
these 30 are annotated and predicted to catalyse the oxidation of organic
compounds with industrial and environmental relevance, such as salicylate, quinate,
biphenyl and p-Hydroxybezoate (Denef et al., 2004). Similarly, subsystem categories
representing the metabolism of carbohydrates, amino acids, cofactors, vitamins,
prosthetic groups, or pigments, proteins and metabolism of aromatic compounds
are the most abundant in S. turgidiscabies (Figure 5.7) and S. graminilatus (Figure
5.8) strains. However, like most Streptomyces, these genes are responsible for the
basic life-sustaining needs of the bacterial cells (Lau et al., 2014). It is very obvious
that the virulence, disease and defence subsystem category identified by RAST is
more abundant in isolate_99 than in S. turgidiscabies and S. graminilatus, and they
account for 93, 67 and 52 respectively (Figures 5.6, 5.7 and 5.8). Under this category,
RAST detected 67 subcategories in isolate_99 which are involved in resistance to
antibiotics and toxic compounds including heavy metal resistance genes. However,
the presence of high numbers of these resistance genes might explain the survival of
isolate_99 in such an extreme environment such as the site contaminated with heavy

metals from where it was isolated.
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Subsystem Statistics Features in Subsystems

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (306)
Cell wall and Capsule (111)

Virulence, Diszase and Defense (93)
Potassium metabolism (31)
Photosynthesis (0)

Miscellaneous (47)

Phages, Prophages, Transposable elements, Plasmids (23)
Membrane Transport (124)

Iron acquisition and metabolism (36)
RMA Metabolism (78)

Nucleosides and Nucleotides (150)
Protein Metabolism (288)

Cell Division and Cell Cycle (35)

Matility and Chemotaxis (6)

Regulation and Cell signaling (71)
Sacondary Metabolism (23)

DMA Metabolism (184)

Fatty Acids, Lipids, and Isoprencids (356)
Nitrogen Metabolism (53)

Dormancy and Sporulation (5)
Respiration {(185)

Stress Response (118)

Metabolism of Aromatic Compounds (71)
Armnino Acids and Derivatives (737)

Sulfur Metabalism (87)

Phosphorus Metabolism (64)
Carbohydrates (710}

224

£

78%

=l
=M.

Figure 5.6: Subsystem category distribution statistics for isolate_99. The draft genome was annotated using the Rapid Annotation
System Technology (RAST) server. The pie chart showed the count of each subsystem feature and the subsystem coverage was
displayed using SEED viewer. The green bar of the subsystem coverage corresponds to the percentage of the proteins included in the

subsystems while the blue bar corresponds to the percentage of the proteins that are not included in the subsystems.
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Subsystemn Statistics Features in Subsystems

Subsystem Subsystem Category Distribution Subsystem Feature Counts
Coverage

B Cofactors, Vitamins, Prosthetic Groups,
Pigments (384)

=MW Cell wall and Capsula (174)

Virulence, Disease and Defense (67)
Potassium metabaolism (19)

W Photosynthesis (0)

Miscellaneous (52)

@ MW Phages, Prophages, Transposable elements,
Plasmids (38)

Mambrane Transport (118)

m W Iron acquisition and metabolism (52)
RMNA Metabolism (119)

B Mucleosides and Nucleotides (170)
Protein Metabolism (326)

= W Cell Division and Cell Cycle (43)
Maotility and Chemotaxis (&)

= M Regulation and Cell signaling {85)
Sacondary Metabolism (28)

DMNA Metabolism (136)

Fatty Acids, Lipids, and Isoprenoids (328)
Nitrogen Metabolism (52)

Dormancy and Sporulation (18)
Respiration {158)

Stress Response (199)

Metabolism of Aromatic Compounds (138)
Amino Acids and Derivatives (791)
Sulfur Metabaolism (98)

Phosphorus Metabolism (53)
Carbohvdrates (844)

Figure 5.7: Subsystem category distribution statistics for S.turgidiscabies. The draft genome was annotated using the Rapid Annotation
System Technology (RAST) server. The pie chart showed the count of each subsystem feature and the subsystem coverage was
displayed using SEED viewer. The green bar of the subsystem coverage corresponds to the percentage of the proteins included in the

subsystems while the blue bar corresponds to the percentage of the proteins that are not included in the subsystems.
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Subsystemn Statistics Features in Subsystems

Subsystem Subsystem Category Distribution Subsystem Feature Counts
Coverage

B Cofactors, Vitamins, Prosthetic Groups,
Pigments (331)

@ W Cell Wall and Capsule (188)

@ W Virulence, Disease and Defense (52)

@ M Potassium metabolism (13)

W FPhotosynthesis (0)

Miscellaneous (39)

@ W Phages, Prophages, Transposable elements,
Plasmids (34)

Membrane Transport (117)

@ M Iron acquisition and metabolism (11)
RMA Metabolism (117)

@ W MNucleosides and Mucleotides (118)
Protein Metabolism (333)

@ M Cell Division and Cell Cycle (35)

Matility and Chemotaxis (6)

= M Regulation and Cell signaling (69)
Secondary Metabolism (37)

DMA Metabolism (118)

@ W Fatty Acids, Lipids, and Isoprenoids (286)
= W NMitrogen Metzbolism (30)

m W Dormancy and Sporulation (12)

@ W Respiration (138)

@ MW Stress Response (136)

Metabolism of Aromatic Compounds (102)
Amino Acids and Derivatives (552)

Sulfur Metabalism (54)

Phosphorus Metabolism (54)
Carbohydrates (560)
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Figure 5.8: Subsystem category distribution statistics for S. graminilatus. The draft genome was annotated using the Rapid Annotation
System Technology (RAST) server. The pie chart showed the count of each subsystem feature and the subsystem coverage was
displayed using SEED viewer. The green bar of the subsystem coverage corresponds to the percentage of the proteins included in the

subsystems while the blue bar corresponds to the percentage of the proteins that are not included in the subsystems.
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5.6 Phenotypic microarrays identify variant metabolic pathways in isolate_99

We compared the metabolic capabilities of isolate 99 with those of the closely
related strains: S. turgidiscabies and S. graminilatus, with a phenotypic microarray
(PM, Bochner et al. 2001). Various stimulating sources of nutrients were tested
including 190 different carbon sources (PM1, PM2) and 95 nitrogen sources (PM3).
Osmotic and pH tolerance in terms of growth (PM9, PM10) were also investigated. In
total, 477 different growth conditions were assayed to compare between isolate_99
and S. turgidiscabies and S. graminilatus. Generally, phenotypic differences based on
the bacteria’s ability to utilise carbon and nitrogen were noted. Furthermore, growth
differences in response to osmolytes and different pH growth environments between

the strains were also observed.

5.6.1 Carbon (C) supplements utilisation

When isolate_99 was compared with S. turgidiscabies, differences in growth rate
between the two strains were observed based on their ability to utilise a range of
carbon sources (Figures 5.9 & 5.10). Both strains had shown metabolic advantages
over each other. However, isolate_99 grew better than S. turgidiscabies when D-
alanine, dulcitol, D-aspartic acid, a-hydroxy butyric acid, D-malic acid, B-D-allose, L-
sorbose, D-tagatose, 5-keto-D-gluconic acid, L-isoleucine, L-leucine, L-lysine, L-
methionine and L-ornithine were tested. On the other hand, S. turgidiscabies grew
better than isolate_99 when D-saccharic acid, D-serine, formic acid, D-galactonic
acid, tyramine, y-cyclodextrine, arbutine, sedoheptulasan, bytyric acid, sorbic acid, L-
homoserine and a-keto valeric acid were added. Also, it was noted that caproic acid
(Figure 5.10, E2) was only utilised by S. turgidiscabies as a carbon source. Therefore,
with the exception of the above mentioned carbon sources, the carbon use pathways
for the rest of the carbon sources were similar for isolate_99 and S. turgidiscabies
(Figures 5.9 & 5.10). Furthermore, isolate_99 grew better than S. graminilatus when
D-alanine, D-gluconic acid, D-manitol, L-rhamnose, D-melibiose, thymidine, D-glucose

aminic acid, maltotriose, adenosine, propionic acid, inosine, glycyle, L-glutamic acid
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D-malic acid, y-cylodextrin, pectin, B-D-allose, D-arabitol, salicin, L-sorbose, D-
tagatose, butyric acid, melibionic acid, oxalomalic acid, L-isoleucine, L-leucine, L-
lysine, methionine, L-phenyl alanine and L-pyroglutamic acide were supplied.
Morover, S. graminilatus responded better than isolate_99 when L-arabinose, L-
proline, D-xylose, formic acid, 2-Deoxy adenosine, tyramine, inuline, sedoheptulasan,
y-amino butyric acid, a-keto valeric acid, quanic acid and sorbic acid were supplied.
However, S. graminilatus was found to grow significantly better than isolate_99 in
well C5 supplemented with tween 20. By contrast, there were little or no differences
in growth rates when other carbon sources were compared between isolate_99 and

S. graminilatus (Figures 5.11 & 5.12).
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Figure 5.9: Parametric BioLog graph depicting carbon utilisation (PM1) by isolate_99
vs. S. turgidiscabies. 1solate_99 is recorded as a blue tracing and S. turgidiscabies as a
red. Areas of overlap (no change) of the two kinetic curves are coloured yellow,
whereas differences are highlighted as patches of blue or red. Apart from differences
in respiration with D-alanine (A9), dulcitol (A12), a-hydroxy butyric acid (E7) and D-
malic acid (G11) by isolate_99, and D-serine (B1), formic acid (B10), D-galactonic acid
(C2), tyramine (H4) by S. turgidiscabies as carbon sources, differences with D-

saccharic acid (A4) and D-aspartic acid (D2) were most notable in this assay.

143



Figure 5.10: Parametric BioLog graph depicting carbon utilisation (PM2) by isolate_99
vs. S. turgidiscabies. 1solate_99 is recorded as a blue tracing and S. turgidiscabies as a
red. Areas of overlap (no change) of the two kinetic curves are coloured yellow,
whereas differences are highlighted as patches of blue or red. Apart from differences
in respiration with B-D-allose (B3), L-sorbose (D4), D-tagatose (D6), L-isoleucine (G9),
L-leucine (G10), L-lysine (G11), L-methionine (G12) by isolate_99 and arbutine (B8),
butyric acid (D12) and L-homoserine (G7) by S. turgidiscabies as carbon sources,
differences with y-cyclodextrine (A5), sedoheptolosan (D3), caproic acid (E2), 5-keto-

D-gluconic acid (E12) and sorbic acid (F9) were most notable in this assay.
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Figure 5.11: Parametric BioLog graph depicting carbon utilisation (PM1) by isolate_99
vs. S. graminilatus. Isolate_99 is recorded as a blue tracing and S. graminilatus as a
red. Areas of overlap (no change) of the two kinetic curves are coloured yellow,
whereas differences are highlighted as patches of blue or red. Apart from differences
in respiration with D-alanine (A10), thymidine (C12), D-glucoseaminic acid (D3),
maltotriose (E10), adenosine (E12), propionic acid (F7) by isolate_99, and L-proline
(A8), D-xylose (B8) and formic acid (B10) by S. graminilatus as carbon sources,
differences with L- arabinose (A2), D-gluconic acid (B6), D-mannitol (B11), Tween 20
(C5), L-rhamnose (C6), D-melibiose (C11), 2-deoxy adenosine (E11), Inosine (F12) and

tyramine (H4) were most notable in this assay.
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Figure 5.12: Parametric BioLog graph depicting carbon utilisation (PM2) by isolate_99

vs. S. graminilatus. Isolate_99 is recorded as a blue tracing and S. graminilatus as a

red. Areas of overlap (no change) of the two kinetic curves are coloured yellow,

whereas differences are highlighted as patches of blue or red. Apart from differences

in respiration with y-cylodextrin (A5), pectin (A12), salicin (D2), D-tagatose (D6),

oxalomalic acid (F5), L-lysine (G11), L-methionine (G12) by isolate_99, and y-amino

butyric acid (D10), quanic acid (F6) and sorbic acid (F9) by S. graminilatus as carbon

sources, differences with inulin (A9), B-D-allose (B3), D-arabitol (B6), sedoheptulasan

(D3), L-sorbose (D4), butyric acid (D12), a-keto valeric acid (E10), melibionic acid (F3),

L-isoleucine (G9), L-leucine (G10), L-phenylalanine (H2) and L-pyroglutamic acid (H3)

were most notable in this assay.
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5.6.2 Nitrogen (N) supplements utilisation

Phenotypic microarrays for the nitrogen utilisation generated various positive growth
advantages for isolate_99 over both S. turgidiscabies and S. graminilatus strains
(Figures 5.13 & 5.14). Isolate_99 showed better growth than S. turgidiscabies in
presence of the following N sources: biuret, D-glutamic acid, N-acetyl-L-glutamic
acid, methyl amine, N-amylamine, N-butylamine, ethylamine, ethylenediamine,
histamine, acetamide, D-glucoseamine, amino-N-caproic acid and a-amino-N-valeric
acide, whereas S. turgidiscabies showed growth advantages than isolate_99 on only
two N sources: L-tyrosine and N-acetyl-D-galactose amine. However, there were little
or no differences in growth rates when other nitrogen sources were compared
between isolate_ 99 and S. turgidiscabies (Figures 5.13). On the other hand,
isolate_99 showed superior growth rate than S. graminilatus for utilisation of the
following N sources: biuret, L-methionine, L-phenylalanine, D-alanine, D-asparagine,
D-glutamic acid, D-lysine, D-serine, D-valine, L-ornithine, N-acetyl-L-glutamic acid, L-
pyroglutamic acid, methylamine, N-amylamine, N-butylamine, ethylamine,
ethylenediamine, histamine, acetamide, D-glucoseamine, cytosine, thymine,
thymidine, uracil, amino-N-caproic acid, amino-N-valeric, a-amino-N-valeric acid and
Gly-Glu, whereas a growth advantage was observed for S. graminilatus in the
presence of parabanic acid only (Figure 5.14). No growth advantages between

isolate_99 and S. graminilatus were observed for the rest of N sources.
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Figure 5.13: Parametric BioLog graph depicting nitrogen utilisation (PM3) by
isolate_99 vs. S. turgidiscabies. Isolate_99 is recorded as a blue tracing and S.
turgidiscabies as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red.
Nitrogen sources more rabidly metabolised by isolate_99 are biuret (A6), D-glutamic
acid (C6), N-acetyl-L-glutamic acid (D1), methyl amine (D5), N-amylamine (D6), N-
butylamine (D7), ethylamine (D8), ethylenediamine (D10), histamine (E1), acetamide
(E4), D-glucoseamine (E9), amino-N-caproic acid (G9) and a-amino-N-valeric acid
(G12), and L-tyrosine (C1) and N-acetyl-D-galactose amine (E12) by S. turgidiscabies

in this assay.
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Figure 5.14: Parametric BioLog graph depicting nitrogen utilisation (PM3) by
isolate_99 vs. S. graminilatus. Isolate_99 is recorded as a blue tracing and S.
graminilatus as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red.
Nitrogen sources more rabidly metabolised by isolate_99 arebiuret (A6), L-
methionine (B7), L-phenylalanine (B8), D-alanine (C3), D-asparagine (C4), D-glutamic
acid (C6), D-lysine (C7), D-serine (C8), D-valine (C9), L-ornithine (C12), N-acetyl-L-
glutamic acid (D1), L-pyroglutamic acid (D3), methylamine (D5), N-amylamine (D6),
N-butylamine (D7), ethylamine (D8), ethylenediamine (D10), histamine (E1),
acetamide (E4), D-glucoseamine (E8), cytosine (F5), thymine (F8), thymidine (F9),
uracil (F10), amino-N-caproic acid (G9), amino-N-valeric (G11), a-amino-N-valeric acid
(G12) and Gly-Glu (H10) , whereas parabanic acid (G6) was most notable by S.

graminilatus.
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The obtained carbon and nitrogen patterns of phenotypes suggested that isolate_99
is different from both S. turgidiscabies and S. graminilatus strains. Using data from
PM1 and PM2 (carbon sources), a number of phenotypic differences based on their
ability to utilise a range of carbon sources were observed (Figures 5.9, 5.10, 5.11 &
5.12). The strains show obvious discrimination between carbon sources. It can be
noted that isolate_99 and S. graminilatus couldn’t utilise caproic acid as a carbon
source(Figure 5.9, E2 & 5.10, E2) whereas S. turgidiscabies was active and showed
good growth rate on caproic acid (Figure 5.15, right). Caproic acid is a saturated fatty
acid that has six carbons and one carboxylic group (CsH1203). It has been used in
diverse industrial applications such as perfumes, medicine, food additives, lubricating
grease, tobacco flavour, rubber, and dyes. Caproic acid is also used as a precursor for
the biosynthesis of hexyl esters, which can be converted to hexanol by esterification
and hydrogenation reaction (Cheon et al., 2014). Interestingly, Tween 20 supported
growth of S. graminilatus (Figure 5.15, left) as a source of carbon and energy but did
not support growth of both isolate_99 and S. turgidiscabies (Figure 5.8, C5). It is
possible that Tween 20 restricted growth of the isolate_99 and S. turgidiscabies due
to generating lauric acid (C12:0), which is among saturated fatty acids that has been
reported to have toxicity against Gram-positive bacteria than Gram-negative bacteria
(Kitahara et al., 2004; Rouse et al., 2005; Nakatsuji et al., 2009). Conversely, a very
good growth rate was observed on Tween 40 and Tween 80 compounds by the three
strains (Figures 5.10, D5, E5 & 5.10, D5, E5). The metabolism of these two substrates
involves the B-oxidation pathway where oleic acid is produced, which is non-toxic for
bacterial growth and has been reported to support growth of a wide range of
bacterial species including Streptomyces (Slijkhuis et al., 1984; Skrivanova et al.,
2005; Orro et al., 2015). Furthermore, in order to independently confirm the Biolog
respiration results, the ability of isolate_99, S. turgidiscabies and S. graminilatus to
grow on minimal medium in presence of caproic acid and Tween 20 as sole carbon
sources was tested. However, the results were concordant with the phenotype

microarray data (Figure 5. 16).
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Figure 5.15: Examples of sigmoidal curves of colour development measured in colour units which resulted from tertrazolium dye
reduction during 72h of incubation for the substrates Tween-20 (left) and caproinic acid (right). Tween-20 is more rapidly metabolised
by S. graminilatus (shown in red) than isolate_99 and (shown in blue) and S. turgidiscabies (shown in green). Similarly, caproic acid is

most notable metabolised only by S. turgidiscabies.
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Figure 5.16: PM plots (left) of the utilisation of Tween 20, Tween 40, Caproic acid and
Glucose by isolate_99, S. turgidiscabies and S. graminilatus. Data derived from the
increase in intensity of the colour of the reduced tertrazolium dye, measured in
colour units, are plotted against time (72 h) using the PM software from Biolog. The
three strains were streaked on MM agar plates (right) with Tween 20 (20 mM),
Tween 40 (20 mM) and Caproic acid (20 mM) as carbon sources and incubated at 30

°C for 5 days. Glucose (20 mM) was used as a positive control.
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Data from the phenotypic microarray (PM3), showed significant differences in
nitrogen utilisation when isolate_99, S. turgidiscabies and S. graminilatus were
compared (Figures 5.13 & 5.14). It is very obvious that isolate_99 had a better
growth rate during utilisation a wide range of nitrogen sources compared to strains
in particularly, S. graminilatus (Figure 5.14). This difference can be associated with
the great difference between the two strains in terms of genes predicted to be
involved in amino acids of subsystem category identified by RAST. They are more
abundant in isolate_99 than in S. graminilatus, and they account for 737 and 552

respectively (Figures 5.6 & 5.8).

It was possible to measure the metabolic activity of the best used carbon and
nitrogen substrates of the three strains by calculating the maximum signal (score)
that can be extracted from the metabolic activity curves under the conditions
provided in each well of phenotypic microarray plate. The intensity of the purple
colour developed from a redox dye due the energy production and cell respiration in
each well can reflect the amount of the substrate which is metabolised by the tested
strains. Accordingly, the most intensively metabolised carbon and nitrogen
substrates by isolate_99 were: N-acetyl-D-glucoseamine (GIcNAc) (score:240) from
the carbohydrates guild, Tween 40 (score:236) from the polymers guild, sucrose
(score:235) from the carbohydrates guild, D- glucose (score:232) from the
carbohydrates guild and L-rhamnose (score:232) from the carbohydrates guild as
carbon sources; and biuret (score:252) from other the miscellaneous guild, L-
glutamic acid (score:252), L-ornithine (score:251), L-asparagine (score:250), and L-
alanine (score:249) as nitrogen sources from the amino acid guild. On the other
hand, both S. turgidiscabies and S. graminilatus strains showed different metabolic
activities and intensities of carbon and nitrogen substrates. Amongst carbon sources:
GIcNAc (score:270), sucrose (score:267), D-mannose (score:266), D-galactose
(score:264) and L-rhamnose (score:264) from the carbohydrates panel, and L-proline
(score:278) from the amino acids panel, L-glutamic acid (score:276) from the amino
acids panel, inulin (score:273) from the polymers guild,L-fucose (score:268) from the
carbohydrates panel and GIcNAc (score:265) from the carbohydrates panel; also,

amongst nitrogen sources: L-glutamic acid (score:288) from the amino acids panel,
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nitrite (score:287) from the inorganic panel, L-ornithine (score:283), L-arginine
(score:283) from the amino acids panel and L-alanine (score:282) from the amino
acids panel, and ammonia (score:285) from the inorganic panel, L-glutamic acid
(score:285), L-alanine (score:276), L-arginine (score:276) and L-asparagine
(score:275) from the amino acids panel were the most metabolised by S.

turgidiscabies and S. graminilatus respectively.

However, although many nutritionally rich and minimal media support the growth of
most known strains of Streptomyces (Kieser et al., 2000; Hopwood, 2007), some of
these strains vary significantly in terms of the source, chemical form, and amount of
nutrients they need. Moreover, knowledge on the most nutrients preferred by new
Streptomyces isolates may provide information for formulating and designing new
nutritional media. Thus, the intensity of metabolic activity of carbon and nitrogen
sources obtained from the Biolog assays can allow for selecting only relevant carbon
and nitrogen sources when formulating media for isolate_99. The carbon and
nitrogen sources that produced the highest amount of growth rate (intensity) across
all substances tested were, remarkably, GIcNAc and glutamate respectively for the
three strains. Moreover, studies have revealed that GIcNAc, the monomer of chitin
and constituent of bacterial cell wall peptidoglycan, and the related amino acid
glutamate are highly preferred carbon and nitrogen sources for Streptomycetes (van
Wezel et al, 2006; Swiatek et al., 2012). Additionally, Rigali et al. (2008) have shown
that under famine conditions, GIcNAc addition stimulated antibiotic production in S.
clavuligerus, S. collinus, S. griseus, S. hygroscopicus and S. venezuelae grown on MM
agar (5 mM GIcNAc or higher) by functioning as an allosteric effector of the
pleiotropic transcriptional repressor DasR regulon, which controls the GIcNAc
transport and metabolism as well as antibiotic production. Nonetheless, to verify
findings from the Biolog scale and to obtain optimal production of metabolites,
larger scale fermentations along with investigating a possible relation between

nitrogen, carbon and other nutrient sources are needed.

However, results obtained from carbon and nitrogen patterns can be used to

discriminate between isolate_99 and the closely related S. turgidiscabies and S.
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graminilatus strains. To our knowledge, there have been no published studies on the
nutrients utilisation of Streptomyces using the Phenotype Microarrays. Therefore, we
could not compare this study against other Streptomyces strains; in particular to
those of complete published genomes. Furthermore, our phenotype array results
also reveal some key phenotype differences particularly for carbon and nitrogen
sources utilisation that might be enough to discriminate adequately between two

species.
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5.6.3 Osmolyte tolerance and survival in different pH conditions

The effects of different osmolytes and pH ranges on the three strains were tested by
using plates PM9 and PM10. In response to the presence of osmolytes, isolate_99
could not tolerate high concentrations of NaCl, urea, sodium lactate and ammonium
sulphate compared with both S. turgidiscabies and S. graminilatus strains (Figures
5.17 & 5.18). Isolate_99 could tolerate 2% NaCl, 2% urea, 1% sodium lactate and
moderate growth on 100 mM ammonium sulphate. In contrast, S. turgidiscabies had
a growth advantage over isolate_99 and could tolerate 4% NaCl, 3% urea, 4% sodium
lactate and 100 mM sodium nitrate, whereas, S. graminilatus could tolerate 2% NaCl,
5% urea, 3% sodium lactate and 100 mM ammonium sulphate. Further, the three
isolates were able to grow in up to 20% ethylene glycol, 200 mM sodium phosphate
and 100 mM sodium nitrate, also no or very little growth was observed on sodium
formate, sodium benzoate and sodium nitrite. It was also noted that isolate_99 and
S. turgidiscabies grew well in the precence of 3% potassium chloride, but S.

graminilatus could not.
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Figure 5.17: Parametric BiolLog graph depicting osmolyte activities (PM9) by
isolate_99 vs. S. turgidiscabies. Isolate_99 is recorded as a blue tracing and S.
turgidiscabies as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red. S.
turgidiscabies showed notable increased metabolism (shown in red) at 3% NaCl (A3),
4% NaCl (A4), 2% urea (E7), 3% urea (E8), 2% sodium lactate (F2), 3% sodium lactate
(F3), 4% sodium lactate and 100mM ammonium sulphate (G12).
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Figure 5.18: Parametric BioLog graph depicting osmolyte activities (PM9) by
isolate_99 vs. S. graminilatus. Isolate_99 is recorded as a blue tracing and S.
graminilatus as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red.
Isolate_99 showed notable increased metabolism (shown in blue) at 3% potassium
chloride (D1), whereas S. graminilatus showed notable increased metabolism (shown
in red) at 2-5% urea (E7-E10, 2% sodium lactate (F2), 3% sodium lactate (F3) and

100mM ammonium sulphate (G12).
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Finally, metabolic activity of the three strains over a broad range of pH 3.5-10 was
determined using PM10 Biolog plate. The strains were viable within a pH range from
5.0 to 10; however, while isolate_99 could not grow at pH 4.5, both S. turgidiscabies
and S. graminilatus strains showed a general tolerance to low pH in the presence of
some amino acids as noted in wells D4, 6, 7, 8 and 10 (Figures 5.19 & 5.20). Probably,
the activity of decarboxylases that generate alkaline amines by the catabolism of
these compounds (Viti et al., 2007) gave protection against the effects of incubation
at pH 4.5. However, the difference in phenotypic growth generated from PM9 and
PM10 plates might be associated with the difference between these strains in terms
of genes involved in various stress responses (osmotic stress, detoxification, heat and
cold shock, detoxification stress). Annotation of the genomes suggested that S.
turgidiscabies and S. graminilatus had resistance genes conferring environmental
advantages over isolate_99, where 199, 136 and 118 stress response genes were
predicted in the genomes of S. turgidiscabies, S. graminilatus and isolate_99
respectively (Figures 5.6, 5.7 and 5.8). Further, previous studies have shown that the
optimum concentration of NaCl for most Streptomyces strains was 5-10% (Urzi and
Realini, 1998; Walsh et al., 2005). Another previous study carried by Tresner et al.
(1968) has shown that salt tolerance in Streptomyces can be divided into 3 categories
of low (<4%), intermediate (>7%) and high (>10%). However, solidified cultural media
were applied for the all previous mentioned studies which contain agar that might
mediate the inhibitory effect of high salt concentrations compared to liquid medium
that is used in Biolog plates. Moreover, it has been reported that Streptomyces
species grow well at neutral pH, however others are acidophiles, alkaliphiles,
halophiles or thermophiles (Goodfellow, 2012). Thus, some acidophilic
actinomycetes have been observed to grow in the range from 3.5 to 6.5, with

optimal rates at pH 4.5 to 5.5 (Kim et al., 2003).
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Figure 5.19: Parametric BioLog graph depicting pH condition activities (PM10) by
isolate_99 vs. S. turgidiscabies. Isolate_99 is recorded as a blue tracing and S.
turgidiscabies as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red.
Isolate_99 showed notable increased metabolism (shown in blue) at pH 9.5 + L-
arginine (E3), pH 9.5 + L-serine (F4), pH 9.5 + L-ornithine (F10), pH 9.5 + L-homo
arginine (F11), pH 9.5 + L-homo serine (F12), pH 9.5 + trimethyl amine-N-oxide (G11)
and X-B-D-glucose aminide (H8), whereas S. turgidiscabies showed notable increased
metabolism (shown in red) at pH 4.5 + a-amino-N-butyric acid (D4), pH 4.5 + L-cysteic
acid (D6), pH 4.5 + D-lysine (D7), pH 4.5 + 5-hydroxy lysine (D8), pH 4.5 + D,L-diamino
pimelic acid (D10), pH 4.5 + urea (D12), pH 9.5 + phenyle thylamine (G8), pH 9.5 +
tyramine (G9) and pH 9.5 + creatine (G10).
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Figure 5.20: Parametric BioLog graph depicting pH condition activities (PM10) by
isolate_99 vs. S. graminilatus. Isolate_99 is recorded as a blue tracing and S.
graminilatus as a red. Areas of overlap (no change) of the two kinetic curves are
coloured yellow, whereas differences are highlighted as patches of blue or red.
Isolate_99 showed notable increased metabolism (shown in blue) at pH 9.5 + L-
arginine (E3), pH 9.5 + L-serine (F4), pH 9.5 + L-ornithine (F10), pH 9.5 + L-homo
arginine (F11), pH 9.5 + L-homo serine (F12), pH 9.5 + trimethyl amine-N-oxide (G11)
and X-B-D-glucose aminide (H8), whereas S. graminilatus showed notable increased
metabolism (shown in red) at pH 4.5 + a-amino-N-butyric acid (D4), pH 4.5 + L-cysteic
acid (D6), pH 4.5 + D-lysine (D7), pH 4.5 + 5-hydroxy lysine (D8), pH 4.5 + D,L-diamino
pimelic acid (D10), pH 4.5 + urea (D12), pH 9.5 + phenyle thylamine (G8), pH 9.5 +
tyramine (G9) and pH 9.5 + creatine (G10).
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Chapter 6:

Genome Mining for Biosynthetic Gene Clusters (BGCs)
using antiSMASH and ClusterFinder Bioinformatics

Tools of Isolate_99
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5.1 Genome mining

Fundamentally, genome mining is a bioinformatics approach used for the discovery
of novel natural products (NPs), which in silico predicts Biosynthetic Gene Clusters
(BGCs). BGCs are groups of genes, usually encoded within a single locus, responsible
for secondary metabolites (SMs) biosynthesis pathways, which represent the main
sources of new antibiotics and pharmaceuticals (Cruz-Morales et al., 2016). Although
SMs have traditionally been described in plants, green algae and fungi, the vast
majority of these new bioactive metabolites have obtained from bacteria (Ziemert et
al., 2016). Sequencing of bacterial genomes has revealed the potential of these
microorganisms to harbour putative BGCs which display promising potential for
discovering new bioactive natural products. Among these, the genus Streptomyces
has become an especially attractive screening source for decades in search for new
drugs (Ziemert et al., 2016). Since the 1940’s, large numbers of significant bioactive
molecules have been identified from this genus including antibiotics,
immunomodulators, anticancer agents, antiviral drugs, herbicides, and insecticides
(Bibb, 2005; Hopwood, 2007). Furthermore, genome analyses of different model
Streptomyces strains, such as Streptomyces coelicolor A3(2), Streptomyces griseus
NBRC 13350 and Streptomyces avermitilis MA-4680 (Bentley et al., 2002; Harrison
and Studholme, 2014), showed that each strain harbours on average about twenty
five secondary metabolic gene clusters in their genomes. These encode the enzymes
necessary to synthesize twenty or more potential secondary metabolites belonging
to different structural classes, even though fewer than six metabolites were known
at that time (Bentley et al., 2002; Gregory, 2008). More recently the complete
genome of Streptomyces albus 11074 has been published (Olano et al. 2014) which
demonstrated that this strain possesses twenty seven BGCs in its genome. More
importantly, it has been noticed that there is no or very little overlap in the BGCs
which occurred in the genomes of these species, suggesting that further bacterial
genome sequencing could lead to the discovery of large numbers of novel bioactive

natural products (Medema et al., 2014).
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5.2 antiSMASH and ClusterFinder

Nowadays, several bioinformatics tools have been designed to search for BGCs with
the ability to predict a wide range of SMs classes. In 2011, antiSMASH (antibiotics &
Secondary Metabolite Analysis SHell), a comprehensive pipeline for identification
and analysing of gene clusters encoding biosynthetic enzymes for a wide range of SM
compound classes was presented (Medema et al., 2011). This tool identifies
polyketides, nonribosomal peptides, terpenes, aminoglycosides, aminocoumarins,
indolocarbazoles, lantibiotics, bacteriocins, nucleosides, beta-lactams,
butyrolactones, and others in both bacterial and fungal nucleotide sequences. In
2013, antiSMASH 2.0 was released (Blin et al., 2013). This new version was re-
designed and highly improved to include more features making antiSMASH 2.0 the
most comprehensive resource for identifying and analysing novel secondary

metabolite biosynthetic pathways in microorganisms. These features are:

e Supports input of multiple related sequences simultaneously (multi-
FASTA/GenBank/EMBL), which allows the analysis of draft genomes
comprising multiple contigs.

e Ability to perform direct analysis of protein sequences.

e The capacity to detect additional classes of secondary metabolites, including
oligosaccharide antibiotics, phenazines, thiopeptides, homo-serine lactones,
phosphonates and furans.

e Predicting the core structure of the cluster end product of lantipeptides, in
addition to polyketides and non-ribosomal peptides.

e ClusterBlast functionality was extended to identify sub-clusters involved in
the biosynthesis of specific chemical building blocks.

ClusterFinder, a new bioinformatics tool, which uses a hidden Markov model to
detect and extract putative biosynthetic gene clusters of unknown types in
sequenced genomes was fully integrated into antiSMASH (Weber et al., 2015).
Clusters identified using this algorithm are further categorised into saccharide (CF-

saccharide), fatty acid (CF- fatty acid) and putative (CF-putative). It searches for
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enzymes involved in synthesis of secondary metabolites by using the PFAM domain

definition (Cimermancic et al., 2014).

5.3 Biosynthetic gene clusters (BGCs) detection

To examine the potential of isolate_99, as a secondary metabolite producer that
could be stimulated to produce an unknown antimicrobial compound, in the
presence of lead, which inhibited the growth of E. coli (Chapter 3), we searched for
BGCs for secondary metabolites within the obtained draft genome sequence of this
isolate. From the results (Table 6.1), a total of 26 putative BGCs for biosynthetic
secondary metabolites were predicted using antiSMASH to be involved in the
biosynthesis of polyketides (PKs), nonribosomal peptides (NRPs), lantipeptide,
siderophore, terpene, bacteriocin, melanin, ectoine and other. In addition, 33
putative BGCs were also found using ClusterFinder bioinformatics tool (Table 6.2),
which were further identified into putative, fatty acid and saccharide clusters and
one additional cluster (cluster 17, Table 6.2), involving in Polyketide synthesis which
were not identified by antiSMASH. Nine clusters containing modular enzyme-coding
genes (polyketides (PKs) and /or nonribosomal peptides (NRPs) were identified in
isolate_99. Five of them contain PKs genes belonging to type | (cluster 10, Table 6.1
and cluster 17, Table 6.2) and type Il PKs (cluster 5, 6 and 11, Table 6.1).
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Table 6.1: Biosynthetic gene clusters of Isolate_99 obtained from AntiSMASH 3.0 tool.

Cluster Type Most similar known cluster (%) Cluster Type Most similar known cluster (%)

Cluster 1 | Lantipeptide Unknown Cluster 14 | Nrps Sessilin (33%)

Cluster 2 | Siderophore Desferrioxamine_B (83%) Cluster 15 | Siderophore Tetrocarcin_A (4%)

Cluster 3 | Terpene Albaflavenone (100%) Cluster 16 | Nrps A54145 (10%)

Cluster4 | Terpene Hopene (30%) Cluster 17 | Siderophore Unknown

Cluster 5 | Otherks SCO-2138 (42%) Cluster 18 | Nrps Teicoplanin (6%)

Cluster 6 | Otherks Acarviostatin (22%) Cluster 19 | Othe Unknown

Cluster 7 | Terpene- Gamma-butyrolactone (66%) Cluster 20 | Bacteriocin Unknown
Butyrolactone

Cluster 8 | Bacteriocin Unknown Cluster 21 | Melanin Melanin (60%)

Cluster 9 | Bacteriocin Unknown Cluster 22 | Ectoine Ectoine (100%)

Cluster 10 | Otherks-T1pks | Clavulanic acid (2%) Cluster 23 | Terpene Hopene (15%)

Cluster 11 | Otherks-T2pks | Cosmomycin_D (22%) Cluster 24 | Other Unknown

Cluster 12 | Butyrolactone- | Granaticin (8%) Cluster 25 | Nrps Polyoxypeptin (13%)
Otherks

Cluster 13 | Terpene Unknown Cluster 26 | Nrps Piericidin_A1 (50%)
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Clusters 10 and 17 showed similarities to clavulanic acid (2%) and herboxidiene (2%)
known clusters respectively. The other PKs (type Il), clusters 5, 6, and 11 showed
similarities to SCO-2138 (42%), acarviostatin (22%) and cosmomycin_D (22%)
respectively. Clusters 14, 16, 25 and 26, that contain NRPs genes, showed similarities
to sessilin (33%), A54145 (10%), polyoxypeptin (13%) and piericidin Al (50%)
respectively. Polyketide and nonribosomal peptide compounds are well-known to be
pharmaceutically important and their pathways have attracted much attention
(Donadio et al., 2007; Meier & Burkart 2009), and below is a brief description to the
natural products that might be connected to PKs and NRPs genes identified in our
sequenced strain. Clavulanic acid is a B-lactam antibiotic used to combat resistance
in bacteria which produce the B-lactamase enzyme when combined with amoxicillin,
cloxacillin or cefotaxime. It has been used to treat infections caused by B-lactamase-
producing strains of E. coli, Haemophilus influenzae, Klebsiella spp. and Staph.
aureus (where amoxicillin alone is not appropriate); acute otitis media and acute
sinusitis; urinary tract infections in children and osteomyelitis due to Haemophilus
influenzae or unknown pathogen in children under 5 years, together with cloxacillin
and either ceftriaxone or cefotaxime (WHO, 2000). Herboxidiene is a pesticide which
was isolated from Streptomyces chromofuscus A7847 as a novel polyketide which
controls several annual weed species (Miller-Wideman et al., 1992). Later,
Herboxidiene was found to have promising activity in reducing cholesterol levels and
has been used in clinics to treat heart disease (Shao et al., 2012). SCO-2138 peptide
was first found in the 6-frame translations of the S. coelicolor and S. griseus genomes
(Kersten et al., 2012), which represents undiscovered classes of RNPs at the time of
writing this chapter. Geng et al (2008) discovered acarviostatin, a compound which is

secreted by S. coelicoflavus Z2G0656.
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Table 6.2: Biosynthetic gene clusters of Isolate_99 obtained from ClusterFinder tool.

Cluster Type Most similar known cluster (%) Cluster Type Most similar known cluster (%)
Cluster 1 | Cf_putative Acarbose (7%) Cluster 18 | Cf_putative Unknown
Cluster 2 | Cf_putative Salinomycin (6%) Cluster 19 | Cf_putative Unknown
Cluster 3 | Cf_putative Chartreusin (23%) Cluster 20 | Cf_putative Unknown
Cluster 4 | Cf_putative Enduracidin (27%) Cluster 21 | Cf_putative Unknown
Cluster 5 | Cf_putative Sch47554 (10%) Cluster 22 | Cf_putative Unknown
Cluster 6 | Cf_saccharide | Kiamycin (10%) Cluster 23 | Cf_putative Unknown
Cluster 7 | Cf_fatty_acid | Colabomycin (11%) Cluster 24 | Cf_putative Unknown
Cluster 8 | Cf_putative Tirandamycin (13%) Cluster 25 | Cf_putative Unknown
Cluster9 | Cf_putative Kanamycin (15%) Cluster 26 | Cf_putative Unknown
Cluster 10 | Cf_putative Pyrrolomycin (5%) Cluster 27 | Cf_putative Unknown
Cluster 11 | Cf_putative Daptomycin (6%) Cluster 28 | Cf_putative Unknown
Cluster 12 | Cf_putative Desotamide (9%) Cluster 29 | Cf_fatty_acid Unknown
Cluster 13 | Cf_putative Thiolutin (12%) Cluster 30 | Cf_fatty acid Unknown
Cluster 14 | Cf_putative Hopene (38%) Cluster 31 | Cf_fatty acid Unknown
Cluster 15 | Cf_putative ECO-02301 (35%) Cluster 32 | Cf_fatty_acid Unknown
Cluster 16 | Cf_putative Pactamycin (11%) Cluster 33 | Cf_saccharide Unknown
Cluster 17 | Otherks-T1pks- | Herboxidiene (2%) Cluster 34 | Cf_saccharide Unknown
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Cf_fatty_acid
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This compound is among a-Amylase and a-glucodase inhibitors, which are well-
known treatments and prophylactics for diabetes, obesity, or other secondary
symptoms caused by these diseases (Qin et al., 2011). The anthracycline cosmomycin
D antibiotic is the main product isolated from S. cosmosus TMF5I8 (Ando et al.,
1985), which has antitumor activity, showing a crucial role in the successful
treatment of many types of cancer, despite some side effects related to
cardiotoxicity (Carvalho et al., 2010). The NRPs sessilin has been known for its
powerful activity against a wide range of organisms, such as fungi, bacteria, protozoa
and plants (D’aes et al., 2014). This metabolite was widely produced by
Pseudomonas sp. CMR12a, displaying strong biocontrol activity against bacterial and
fungal plant pathogens (Hua and Hofte, 2014). A54145 is a complex of calcium-
dependent cyclic lipopeptide antibiotics used for the treatment of infections caused
by Gram-positive pathogens (Miao et al., 2005), which is produced by S. fradiae
(Boeck et al., 1990). Polyoxypeptin, which was isolated from a culture broth of
Streptomyces sp. MK498-98 F14 (Umezawa et al., 1998), has attracted a great deal of
attention because of its ability to induce apoptosis in human pancreatic carcinoma
AsPC-1 cells (Noguchi et al., 2000). Piericidin Al was first isolated from S.
mobaraensis in the late 1950s, later from S. piomogeues and also from a symbiotic
Streptomycete of beewolf digger wasps (Kroiss et al., 2010). Piericidin A1l has been
reported to have diverse biological activities, which include potent inhibitory activity
toward mitochondrial NADH dehydrogenase by competing with ubiquinone
reductase. It has also been reported to show antimicrobial and antifungal activity
(Kitagawa et al., 2010; Liu et al., 2012). Moreover, a study by Hwang et a/(2008) has

shown that piericidin Al acts as a highly selective antitumor agent in animal models.

Subsequently, we compared the abundance of PKs and NRPs gene clusters in our
isolate with those of two representative genome-elucidated Streptomyces strains: S.
coelicolor A3(2), which is well studied as a model actinomycetes and S. avermitilis
MA-4680T, an industrial avermectin producer. It has been seen that the number of
PKs and NRPs gene clusters in our isolate were comparable to S. avermitilis, which
contains 5 PKs and 4 NRPs clusters. Whereas, S. coelicolor contains 7 clusters of PKs

and 2 clusters of NPRs. However, besides PKs and NRPs, isolate_99 genome displayed
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other putative secondary metabolite related genes predicted by antiSMASH (Table
6.1) (Medema et al., 2011). Such genes and clusters have also been found in the
representative Streptomyces strains, S. coelicolor and S. avermitilis. Of these putative
clusters, 3 bacteriocin clusters that did not show any homology to known BGCs
domains were identified. In contrast, 2 bacteriocins clusters for S. coelicolor and S.
avermitilis were identified, one cluster with no known homology and the other
showed homology to the informatipeptin encoding gene for each strain.
Bacteriocins, are among ribosomal peptide antibiotics, which show activity to
suppress the growth of similar or closely related bacterial species and antibiotic-
resistant strains (Cotter et al., 2013). One ribosomal lantipeptide biosynthetic gene
cluster with unknown homology was successfully identified through the
implementation of a lanthipeptide-specific analysis module in antiSMASH version 3
(Blin et al., 2013). Version 3 of antiSMASH can predict the core peptide molecular
mass and sequence after leader peptide cleavage motifs which are identified via
pHMMs, when one or more open reading frames encoding putative lantipeptide
prepropeptides are found (Blin et al., 2014). Ectoine (1,4,5,6-tetrahydro-2-methyl-4-
pyrimidinecarboxylic acid), is a cluster always identified in the members of the
Streptomyces genus (Bursy et al., 2008). It is a compatible solute which acts as
protective substances, for example, by acting as an osmolyte in case of extreme
osmotic stress, where it enables bacterial tolerance of environmental stress such as
extreme salt and temperature levels (Pastor et al. 2010). In this case, one ectoine
cluster was identified in our isolate, as well as one cluster for each of S. coelicolor and

S. avermitilis with a 100% homology.

Furthermore, 3 siderophore clusters, one melanin cluster, which is considered an
important criterion for morphological and taxonomical studies, and 3 terpene
clusters were identified in isolate_99. These types of gene clusters are found to be
conserved within the core genome of Streptomyces strains that are annotated to be
involved in secondary metabolism (Kim et al., 2015). Terpenes can provide stability
to bacterial membranes at high temperatures and under conditions of extreme
acidity. They are large and diverse class of organic compounds that are considered to

be secreted by plants and fungi (Pastor et al. 2010), however, numerous bacteria,
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especially Gram positive microorganisms such as Streptomyces and other
actinomycetes were also found to produce terpene compounds (Cane and lkeda,

2012).

antiSMASH supports detection of 24 secondary metabolite classes by comparing
each biosynthetic gene on the uploaded DNA sequence against a manually curated
collection of profile hidden Markov models (pHHMs) (Blin et al., 2013). Two gene
clusters related to biosynthetic metabolites were also detected in our isolate under
type of “other’” BGCs with no homology (Table 6.1). However, a key limitation to
antiSMASH BGCs detection algorithm was that, despite many major classes of
secondary metabolites being covered by its detection logic, it was still limited to the
detection of known types of biosynthetic gene clusters (Weber et al., 2015). To
overcome this limitation, the ClusterFinder algorithm, which uses a hidden Markov
model to probabilistically predict BGC-like regions in genomes based on the
frequencies of observed PFAM domains inside and outside a comprehensive set of
known BGCs was integrated within antiSMASH (Cimermancic et al., 2015). In this
case, further clusters were identified in our strain. From the results, 16 putative BGSc
with diverse homology and 17 putative with unknown BGCs similarities were
identified using ClusterFinder (Table 6.2). However, the presence of these many
putative clusters with unknown homologies might reveal novel insights into
isolate_99, and to identify putative triggers that might stimulate the production of

new secondary metabolites.
5.4 Genetic dereplication and comparison with known pathways

The Known ClusterBlast module within antiSMASH 3.0, currently contains 1172
known biosynthetic gene clusters (Weber et al., 2015). Using this enabled us to
compare the obtained identified BGCs with those encoding the biosynthetic
pathways for known end products (Figure 6.1). The rapid identification of known
compounds is an important feature to avoid the duplication of already isolated
compounds and ensures focus is on discovery of novel natural products. Further,
comparative analysis, inferred from homology, of known and unknown BGCs may

provide hints concerning the function of certain genes within the cluster.
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Query sequence

WOOHKICNNIDT RO M HOCD RO

BGC0000425 cl: Sessilin biosvnthetic gene cluster (33% of genes show similarity)
O S — - b

BGCO000291_cl: A54145 biosynthetic gene cluster (44% of genes show similanity)
SO b OGO KKK C D 91 [ Sk GO

BGC0001048 cl: Tallysomycin biosynthetic gene cluster (44% of genes show similarity)
COHCC T T O CCOnCCrH-

BGCO001125 cl: Puwainaphycins biosynthetic gene cluster (55% of genes show similarity)

BGC0000439 cl: Taromycin biosynthetic gene cluster (22% of genes show similarity)
PAHCCOIED i O A

BGCO000341 cl: Enduracidin biosynthetic gene cluster (33% of genes show similarity)
OO OO MO DO D S

BGCO001297_c1: WS9326 biosynthetic gene cluster (44% of genes show similarity)
DA R R PR RER

BGCO000336_cl: Daptomycin biosynthetic gene cluster (33% of genes show sinularity)
KM IO IT AT C-RKHEPCLLOUN D I ) DI 0]

BGCO000359_c1: Fuscachelin biosynthetic gene cluster (22% of genes show similarity)
KOO

BGCO000963 cl: Bleomycin biosynthetic gene cluster (44% of genes show similarity)
A O T OO DD

Figure 6.1: Example output of a Known ClusterBlast output (cluster 14, Table 6.1),
using the sessilin biosynthetic gene cluster (GenBank JQ309920). The significance
thresholds used are the same as for the ClusterBlast module (Medema et al., 2011).
Following the sessilin gene cluster itself, several other BGCs involved in the
biosynthesis of similar NRPs are shown as next best hits. The percentage of genes in

the query cluster that are present in the hit cluster is included as extra information.
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5.5 Comparative analysis of gene clusters

Although most of the 26 biosynthetic gene clusters that were identified in isolate_99
were close or had a range of similarities to other gene clusters within the same genus
of Streptomyces such as cluster 5 (Table 6.1, Figure 6.2,) which showed homology to
S. davawensis strain JCM 4913, S. hygroscopicus subsp. Jinggangensis, S. sp. el4, S.
collinus Tu 365, S. pluripotens strain MUSC 135, S. sp. MUSC 125 and S. avermitilis
MA-4680. One gene cluster, cluster 25 (Table 6.1, Figure 6.3), did not show similarity
to any strain of Streptomyces, but it showed similarities to distantly related
actinomycete genera of Nocardiopsis, Micromonospora, Gordonia and Rhodococcus.
Further, it displayed similarities to non-related genera of Clostridium and Bacillus. It
has been reported that secondary metabolite gene clusters and their genes can be
transferred horizontally among bacteria during evolution (Donadio et al., 2005). A
sequence and phylogenetic analysis study of ketosynthase gene from the
biosynthetic pathway of aromatic polyketide of 99 Streptomyces isolates conducted
by Metsa-Ketela et al. (2002) has shown that ketosynthase gene has been
horizontally transferred among these Streptomyces species. Another interesting
study carried out by Piel et al. (2004) has found that pederin, a group of antitumor
compounds, which are found in terrestrial beetles and marine sponges and used by
apparently all members of the rove beetle genera Paederus and Paederidus as a
chemical defense against predators, are produced by bacterial symbionts, which are
very close relatives of Pseudomonas aeruginosa. The authors show evidence that a P.
aeruginosa-like bacterium has acquired the putative pederin biosynthesis (ped) gene
cluster that produces pederin using a genomic island obtained through horizontal
transfer. Genomic islands are large regions of DNA that can be horizontally
transferred which can enhance metabolic and colonising capabilities, and allow
bacterial evolution in quantum leaps (Hacker and Kaper, 2000). Fischbach et al.
(2007) have reported another example of the role of genomic elements such as
pathogenicity islands involved in horizontal transmission of gene clusters. They show
that the gene cluster responsible for producing the iron scavenging agent

yersiniabactin has been found not just in Yersinia pestis, but also found in other
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bacteria including the nematode symbiont Photorhabdus luminescens, the plant
pathogen Pseudomonas syringae, pathogenic strains of Escherichia coli, and even the
Gram positive marine bacterium Salinispora tropica. However, biosynthetic gene
clusters can also horizontally transferred by plasmids as well as pathogenicity islands
during evolution (Fischbach et al., 2007; Piel et al., 2004). Moreover, a study by
Lopez (2003) showed evidence that transposon genes can be involved in horizontal
acquisition of the putative polyketide epothilone (epo) biosynthetic gene in a range

of Gram-positive actinomycetes and cyanobacteria.

Interestingly, our 99 isolate was found to have transposon coding sequence in its
genome (Figure 4.4, chapter 4). The same transposon was also found in both Bacillus
and Clostridium genera under accession numbers NC 021856 and NC_029048
respectively. Thus, and from the above evidences, the presence of similar transposon
sequences in isolate_99 and in distantly non related genera might explain why the
biosynthetic gene cluster 25 shows similarities to non-related genera of Clostridium
and Bacillus, as transposon could provide a transfer mechanism by involving as
“vectors” (e.g. conjugative plasmids or transducing bacteriophages) (Piel et al., 2004)
during the evolution. These results support the idea that the biosynthetic gene
cluster(s), may be prone to transposition between distantly related or non-related
bacterial genera during their genomes evolutions. However, cluster 25 might be
unique for this isolate, at least with the Streptomyces genus, and could be a source

for new natural products that have not been characterised yet.
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Query sequence

DAGECH DDA TN MIN IO

HE971709_c20: Streptomyces davawensis strain JCM 4913 complete genome. (27% of genes show similarity)
DO OH@E- I COCCOH OO

CP003275_c26: Streptomyces hygroscopicus subsp. jinggangensis 5008, complet... (24% of genes show simularity)
DOPCRLC O MBI ODCACKRTI DA PH< KO HDROIP LI DI D@ LA

CP003720_c25: Streptomyces hygroscopicus subsp. jinggangensis TLO1, complet... (21% of genes show similarity)
DOYERCCTHM OB I KM DU DU DH KOG K DROI OO DI O @O DD LA

GG753626_c8: Streptomyces sp. el4 genomic scaffold supercontl. 1, whole geno... (21% of genes show similarity)
CC—CHICH-HE-D-KIC OO0 O O D0 OO C—3DO-M-L0

HE971709_c10: Streptomyces davawensis stramn JCM 4913 complete genome. (18% of genes show similarity)

CP006259 ¢21: Streptomyces collinus Tu 365, complete genome. (18% of genes show similarity)
COOUCOH A DI HO A KHCT O U DI HUTR - DT DA LTS

JTDHO1000160_c1: Streptomyces pluripotens strain MUSC 135 Contigl 60, whole ... (18% of genes show similarity)
B IO ORI IO HDIT-DICHC

JUIF01000039_c1: Streptomyces pluripotens strain MUSC 137 Contig39, whole g... (18% of genes show similarity)
BIC A CIHOHBO TR0

JUIG01000003_c2: Streptomyces sp. MUSC 125 Contig3, whole genome shotgun se... (18% of genes show similarity)
B IC OO TOHB KOO

BAOQ00030_¢12: Streptomyces avermitilis MA-4680 DNA, complete genome. (16% of genes show similarity)
KOO OB

Figure 6.2: Output of ClusterBlast alignment of biosynthetic gene clusters

homologous to the query gene cluster 5. All the ten best hits to the cluster 5 from

isolate_99 are from Streptomyces genus. Homologous genes are given the same

colours.
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Query sequence

00— t-GULDM DD IB B DO U0 K EBC

CP003259 ¢1: Clostridium sp. BNL1100, complete genome. (11% of genes show similarity)
PCECD R CCODR O O OO D R (DR DO

NZ_ANAZ01000008_c1: Nocardiopsis valliformis DSM 45023 contig 8, whole geno... (6% of genes show similarity)
HDCCPCH I > CACOM O H DK 0 A 4K - O EHG A DA HC D

CP002399_¢13: Micromonospora sp. L5, complete genome. (6% of genes show similarnity)
S8 G NG Y DG D B B B S S (O B R R

NZ_AQYG01000051 e2: Gordonia kroppenstedtit DSM 45133 strain NP8-5 G341DRAF . (11% of genes show similarity)
Db < KOO I NS AL D CIC O MOTE

Z34883 cl: B subtilis genes for peptide synthetase and penicillin binding p._ (8% of genes show similarity)
O s I I

CP003329 c6: Bacillus subtilis subsp. subtilis 6051-HGW, complete genome. (8% of genes show similarity)
KO OADACOO0 IS S D s A OO DK OO

CP007800_c5: Bacillus subtilis subsp. subtilis str. JH642 substr. AG174, co... (6% of genes show similanity)
KOO OO0 S S I AL DIH OO0

CP006881_c5: Bacillus subtilis PY79, complete genome. (6% of genes show similarity)
OO OO0 I I CACCCEO DA OO0

APJC01000031_c1: Rhodococcus equi NBRC 101255 = C 7 contig3 1, whole genome ... (10% of genes show simailarity)
POCOCOKDECUN I [ (- J< KK RRDACARDR LD

FN563149 ¢12: Rhodococcus equi 103S chromosome. (10% of genes show similarity)

P OCOCCOKCCOLCH I [ (- <} <K ECDAC O -
Figure 6.3: Output of ClusterBlast alignment of biosynthetic gene clusters
homologous to the query gene cluster 25. All the ten best hits to the cluster 5 from
isolate_99 are from distantly related genera (Nocardiopsis, Micromonospora,
Gordonia and Rhodococcus) and no-related genera (Clostridium and Bacillus).

Homologous genes are given the same colours.
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Chapter 7:

RNA Sequencing and Transcriptomic Studies of
Biosynthesis Gene Clusters of Isolate_99 under Lead

(Pb) Metal Stress
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7.1 RNA-Sequencing

In order to investigate the transcriptomic response of biosynthetic gene clusters of
isolate_99 under lead metal stress, the total RNA was isolated at the stationary
phase of production of bioactive secondary metabolites (Chapter 3, section 3.5) from
cultures grown in minimal medium (MM) supplemented either with 1.5 mM Pb or
without Pb. The stationary phase sample was taken at day 7 (the maximum inhibition

zone against E. coli) from both MM supplemented with or without Pb.

The initial concentration of RNA extraction from the biomass sample was greater
than 10,158 pg/ul for the Pb free control replicates (99-1, 99-2 and 99-3) and 165
pg/ul for the Pb sample replicates (99+1, 99+2 and 99+3) (Figure 7.1). The RNA
integrity of the samples was checked using the Bioanalyzer RNA 600 Pico assay. Both
samples with Pb and without Pb had intact 16S rRNA and 23S rRNA bands with RNA
integrity number (RIN) greater than 7.9 for samples without Pb and 6.8 for samples
with Pb (Figure 7.1). RIN value ranges on a scale from 10 for intact to 1 for
completely degraded (Imbeaud et al., 2005). It can be seen that RIN scores for Pb
free samples were relatively high (7.9, 8.2 and 8.6) compared to samples with Pb
supplement (7.2, 6.8 and 6.9). Although, RIN score >7 is recommended for RNA
sequencing from the supplier (Life Technologies catalog number 4475936), it was
decided to accept all samples as it was very hard to have RIN values >7 for samples
supplemented with Pb. The presence of heavy metal (Pb) might have a negative
effect on the integrity of RNA samples. However, researchers have shown that RNA
Integrity Number can be affected by several endogenous and exogenous factors as
well as other factors including “AU-rich” sequence, transcript length, GC content,
16S/23S rRNA ratio, secondary structure and RNA protein complex (Wang et al.,
2016).
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Ribosomal RNA of 16S and 23S were depleted from the samples using the Ribo-Zero
Magnetic Gram-positive bacteria assay following the manufacturer's instructions. It
can be seen that the two distinct bands for 16S rRNA and 23S rRNA were removed

successfully from the samples after rRNA depletion step as expected (Figure 7.2).

The RNA depleted samples were fragmented and ligated to barcoded
oligonucleotides and then converted into cDNA using SuperScript Il Enzyme Mix (Life
Technologies, part of lon Total RNA-Seq Kit v2). The final cDNA libraries were purified
using the Magnetic Bead Clean up Module and analysed by using the Bioanalizer High
Sensitivity DNA assay. The size distribution of the amplified cDNA fragment libraries
was found to be in the range of 50 - 160 bp fragments and the molar concentration
(nM) was determined in the range of 50 -1000 pb. To determine the library dilution
required for template preparation, each sample was diluted to 500 pM. The three
biological replicates were further pooled at a concentration of 20 pM for each. The
two samples, each from a pool of three biological replicates were emulsified,
amplified using an lon PGM OT2 200 pb assay and enriched to obtain the template
for the sequencing. The percentage of template ion spheres was 24.3% for Pb
supplemented samples and 21% for Pb free samples, which was in the range of 10 —

30% as recommended by the manufacturer.

Each three replicate samples were loaded on to a 316 v2 chip and sequenced using
the lon Torrent PGM (Life Technologies). The sequencing resulted in 1.97 million
total reads for Pb free samples with overall 31X coverage and 1.26 million total reads

for Pb supplemented samples with overall 25X coverage.
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Figure 7.2: Agilent Bioanalyzer results using RNA 6000 Pico assay after depletion of 16S rRNA
and 23S rRNA from the RNA samples used for RNA-Seq experiments.
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Figure 7.3: Agilent Bioanalyzer results using High Sensitivity DNA assay showing the average
library size (Pb), the size distribution (CV %) and the molarity (pmol/l) the RNA samples used

for RNA-Seq experiments.
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7.2 Data analysis results with TopHat, Cufflinks and CummeRbund

The genome sequence of isolate_99 annotated in RAST (Aziz et al., 2008) in Genbank
format was used as reference. The raw RNA-Seq data were obtained from the RNA-
Seq experiments, downloaded in BAM format from the lon Torrent Server and were
uploaded onto the Galaxy platform (Afgan et al., 2016). The TopHat algorithm
(Trapnell et al., 2009) was used to align short contiguous reads. The alignment file
from TopHat then was used to assemble and reconstruct the transcriptome using the
Cufflinks program (Trapnell et al., 2012). It assembles the overlapping of aligned
reads into transcripts using a probabilistic approach, then merges multiple conditions
and estimates the transcript abundances using Cuffmerge and Cuffcompare
respectively. It can also use Cuffdiff to calculate the differential gene expression.
Finally, the CummeRbund tool (Trapnell et al., 2012) was utilised to render the
Cuffdiff output into visual representations like, density (Figure 7.5), bar (Figure 7.6),

scatter (Figure 7.7) and volcano (Figure 7.8) plots.

Beforehand, the samples were subjected to principal component analysis (PCA). A
PCA is a statistical method, which analyses the most important influencing factors
while retaining most of the variability on the dataset and plotting them accordingly
(Ringner, 2008). Basically, when analysing complex data sets, PCA filters those
variables out that most influence the data, the so called principal components (PC)
and can be used to plot the data on PC1 against PC2. In the context of RNA-Seq
analysis, PCA essentially determines whether samples can be grouped significantly
(Ghosh and Chan, 2016). As expected the sample replicates of each condition were

clustered (Figure 7.4).
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Figure 7.4: Principal component analysis of samples generated with CummeRbund
tool (Trapnell et al., 2012) showing the sample replicates, the blue line (Positive) is

for Pb supplemented samples and the red line (Negative) for Pb free samples.
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Figure 7.5: Density plots show the expression level distribution for all genes of

isolate_ 99 in simulated experimental conditions Positive (samples with Pb

supplement) and Negative (samples without Pb), measured in FPKM (fragments per
kilobase of transcript per million fragments mapped). It can be seen that no outlier

samples were identified and the samples displayed smoothed empirical densities for

the individual samples in each condition.
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Figure 7.6: Expression plot shows differences in the expression of Isolate_99 across
conditions Positive (samples with Pb supplement) and Negative (samples without
Pb), measured in FPKM. It can be seen that more genes are expressed in samples

without Pb than with Pb supplements.
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Figure 7.7: Scatter plots highlight general similarities and specific expression genes
between conditions Positive (samples supplemented with Pb) and Negative (samples
without Pb supplement). There is an outlier that has a lower expression on Positive
samples than on Negative samples. This means that the gene is behaving differently

between the treatments applied to the same bacterial isolate.
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Figure 7.8: Volcano plots reveal genes whose expression differet significantly (p-
value < 0.05) between conditions Positive (samples supplemented with Pb) and
Negative (samples without Pb supplement). The plot shows that some genes (found
towards the top of the plot that are far to either the left- or the right-hand side)

displaying a huge change in expression when isolate_99 is supplemented with Pb.
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7.3 Differential expression of genes involved in biosynthetic gene clusters of

isolate_99

The draft genome sequence of isolate_99 from the whole genome sequencing using
lon Torrent PGM technology (Chapter 4) was used as a reference in a Genbank (.gbk)
format. The bioinformatics tool CLC software version 8.0 (Qiagen Bioinformatics) was

used to analyse the data for differential expression.

7.4 Differential expression of bacteriocin cluster of isolate_99

The transcriptional levels of biosynthesis gene clusters of isolate_ 99 were
determined in the presence of lead. Out of 26 biosynthetic gene clusters predicted in
isolate_99 by antiSMASH (Chapter 5, Table 5.1), only two clusters of bacteriocin type

were up-regulated as a whole (Table 7.1).

Very little is known about bacteriocin activities from Streptomyces strains. The best
studied case concerned the bacteriocin activities from Streptomyces genus was
carried out by Zhang et al. (2003). The authors have shown that the antagonistic
activity of ipomicin produced by Streptomyces ipomoea displays limited to closely
related strains, i.e. primarily other strains of S. ipomoea. Also, a more recent study
conducted by Farris et al. (2011) has shown that the bacteriocin produced by
Streptomyces scopuliridis RB72 displayed broad spectrum antibacterial activities. The
bacteriocin from this strain has demonstrated a potent activity against the Gram-
positive bacteria including Streptomyces avermitilis, S. coelicolor A3 (2), S. lividans
and S. venezuelae, and the Gram-negative bacteria Escherichia coli DH10B and
Klebsiella pneumonia ATCC 13883 (Farris et al. 2011). Nevertheless, the above results
are consistent with our results where the activity of isolate_99 was observed both on
a related group, Streptomyces species in this case (Figure 3.4, Chapter 3), and
unrelated group, E. coli in this case, (Figure 3.5, Chapter 3) of microorganisms.

Moreover, the increased expression of the bacteriocin biosynthetic gene cluster in
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this experiment suggests that a bacteriocin has been produced as the phenotype is

bacteriocin-like.

Also, it can be seen that the transcripts of genes coding for ribosomally synthesized
and post-translationally modified peptides (RiPPs), which is a major class of natural
products started in the first decade of the 21 century as the result of genome
sequencing efforts (Arnison et al., 2013), and identified in bacteriocin clusters were
significantly up-regulated (p < 0.05). The RiPPs genes increased by up to 13-fold
(cluster 8, Table 7.2 & cluster 20, Table 7.3). RiPPs have attracted extensive interest
for their diverse chemical structures and potent biological activities such as
antibacterial, antifungal, allelopathic, and antiviral (Arnison et al., 2013; Letzel et al.,
2014; Zheng et al., 2015). However, the vast majority of genetically encoded natural
products of RiPPs remain unknown (Skinnider et al., 2016). In general, RiPPs follow a
simple biosynthetic pathway in which precursor peptide consisting of an N-terminal
leader peptide and a C-terminal core peptide, encoded by a single gene is translated,
the leader peptide, is usually important for recognition by many of the post-
translational modification enzymes and for export, is removed by a series of
transporters, peptidases or a combination of both, and the remaining active peptide
moiety is further processed by other enzymes, often encoded by genes within close

proximity to the precursor gene (Arnison et al., 2013; Letzel et al., 2014).

The genetic basis of RiPPs is well understood and this can be used to guide
comparison of well characterised biosynthetic genes or gene clusters against new
genome sequences to identify the characterised or new putative RiPPs and in some
cases, even predict the structure. In this case, the prediction informatics for
secondary metabolomes (PRISM) platform (Skinnider et al., 2016) can be utilised to

discover and characterise of RiPPs.

This platform however, combining genome mining approach and LC-MS/MS data of
crude extracts in a high-throughput manner to predict and identify the numerous

families of RiPPs.
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Based on the strongest BLAST protein sequences matches, the two RiPPs genes
detected in isolate_99 had similarities of 95%, 94%, 91%, 81% and 75% with
sequences of RiPPs found in Streptomyces turgidiscabies (WP_006374931), S. sp.
WC-3618 (WP_053740852), S. sp. F-525 (WP_033281085), S. sp. CB02923
(WP_073762900) and S. scabrisporus (WP_078982410) respectively to the RiPP
sequence of cluster 8, and similarities of 86%, 86%, 80%, 73% and 72% with
sequences of RiPPs found in S. sp. 303MFCo15 (WP_020129143), Actinobacter
bacterium OV320 (WP_054238789), S. tsukubensis (WP_077964138), S. lushanensis
(WP_066951091) and S. sp. PpallLS-921 (SCD53824) respectively to the RiPP sequence
of cluster 20. However, none of the RiPP types from the mentioned above strains has
been studied or reported to have bioactivity. These results reveal that these two RiPP
clusters are unique in isolate_99 genome and may be potential sources of bioactive
RiPPs, as at least 1,833 of 2,231 (82%) of genetically encoded RiPPs remain unknown

in sequenced genes (Skinnider et al., 2016).

Another notable finding is that the bacteriocin clusters in isolate_99 have been found
to contain genes of the radical S-adenosylmethionine (SAM) family (Table 7.2 & Table
7.3). Enzymes of this family are involved in biosynthetic pathways, where they
function in various reactions, including methylation, radical formation, anaerobic
oxidation, and protein ring formation (Sofia et al., 2001; Kaminska et al., 2010). The
SAM genes were significantly (p < 0.05) upregulated by 4.8-fold and 3.4 in cluster 8
(Table 7.2) and cluster 20 (Table 7.3) respectively. However, it has been reported
that radical SAM encoding genes are rare in bacteriocin-associated clusters, with the
exception of subtilosin A, propionicin F and thuricin CD clusters (Zheng et al., 2000;
Brede et al., 2004; Rea et al., 2010). Subtilosin A and thuricin CD are antimicrobials
belong to sactibiotics (sulphur to alpha-carbon antibiotic) class. Sactibiotics are
peptides in which a sulphur bridge is posttranslationally formed between a cysteine
residue and the a-carbon of another residue. This sulphur linkage is thought to be
due to the associated radical SAM enzyme whose gene is co-localized in all

sactipetide gene clusters (Murphy et al., 2011; Letzel et al., 2014).
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The significant involvement of SAM enzymes in initiating the onset of bioactive
metabolites in Streptomyces was proved by Okamoto et al(2003) and Kim et
al(2003). Both research groups show that SAM enhanced actinorhodin production in
Streptomyces coelicolor A3(2) and S. lividans TK23 is through activation of actll-ORF4
transcriptional factor, and also through the exogenous addition of SAM to the culture
medium, thereby increasing the expression of genes in the actinorhodin biosynthetic
cluster. Also, another study carried out by Sufrin et al. (2009) has shown that
salinosporamide A, a bioactive product from marine Salinispora tropica now
undergoing Phase | clinical trials for cancer treatment (Lechner et al., 2011), is

enzymatically derived from SAM.

In the last several years, a number of newly characterised radical SAM enzymes that
carry out novel chemistry and demonstrate involvement in the antibiotics and active
compounds production from Streptomyces have been reported. These include, YtkT -
SAM protein that involved in Yatakemycin production from Streptomyces sp.
TPA0356, which is a novel antitumor antibiotic belonging to the family of CC-1065
(Huang et al., 2012); Fom3-SAM enzyme that involved in Fosfomycin production from
Streptomyces wedmorensis, which is a broad-spectrum antibiotic used against multi-
drug resistant bacteria (Allen and Wang 2014). Most recently, Nikomycins and
polyoxins, which are antifungal peptidylnucleoside antibiotics active against human
and plant pathogens, biosynthesis in Streptomyces cacaoi and S. tendae are catalysed

by NikJ and PolH radical SAM enzymes respectively (Lilla and Yokoyama, 2016).

The two genes encoding radical SAM enzymes in isolate_99 were found adjacent to
RiPP genes in both cluster 8 and 20 (Tables 7.2 and 7.3). This may indicate new
classes of RiPP molecules were produced that are derived from a new type of radical
SAM protein in the presence of Pb. This is supported by the fact that bacteriocin
clusters predicted by antiSMASH did not show any homology to known biosynthetic
gene clusters (Chapter 3, Table 6.1). However, further studies to analyse and

characterise these putative encoding genes are needed.

Bacteriocins are antimicrobial peptides that have bacteriostatic or bactericidal

effects on other bacteria. Bacteriocins as defined by Galves et al. (1989), are
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ribosomally synthesised, hydrophilic or hydrophobic peptides with a narrower
spectrum of antimicrobial activity than other antibiotics and found to be more
effective against closely related species. However, the definition has been expanded
beyond closely related species as several studies have been shown the potential
effect of bacteriocins against unrelated bacteria. Despite some reports that most
bacteriocins from Gram-positive bacteria (as most producers of bacteriocins) were
unable to kill Gram-negative bacteria (Helander et al., 1997; Chen & Hoover, 2003;
Cotter et al., 2005; Deegan et al., 2006; Gillor et al., 2008), others have reported that
some bacteriocins have a broad spectrum of activities against both Gram-
positive/negative bacteria. In the study carried out by Stevens et al. (1991), the nisin
bacteriocin, produced by Lactococcus lactis subsp. lactis, displayed activity against
several Salmonella species and other Gram-negative bacteria. In other work, Lyon et
al. (1993) have found that Propionicin PLG-1 from Propionibacterium thoenii P127 is
active against Pseudomonas fluorescens, Vibrio parahaemolyticus, Yersinia
enterocolitica as well as Listeria monocytogenes and Corynebacterium sp. Similarly, a
study conducted by Lopez-Lara et al. (1996) has shown that enterocin AS-48 which is
produced by Enterococcus faecalis is widely effective against both related and
unrelated bacteria, such as Listeria, Bacillus, Salmonella choleraesuis, and E. coli.
Furthermore, in more recent studies in which bacteriocins were applied against
Gram-negative microorganisms, such as the bacteriocin subtilosin A produced by
Bacillus subtilis which shows activity against Proteus mirabilis and Salmonella
enterica Typhi (Shelburne et al., 2007), lactocyclicin Q, a novel bacteriocin produced
by Lactococcus sp. Strain QU 12 which is active against Salmonella enterica
Typhimurium and E. coli (Sawa et al., 2009), the bacteriocin carnocyclin A from
Carnobacterium maltaromaticum UAL307 which inhibits E. coli DH5a and
Pseudomonas aeruginosa ATCC 14207 (Martin-Visscher et al., 2010), and the
bacteriocin BacTN635 produced by Lactobacillus plantarum sp. TN635 which displays
a broad spectrum of activity against Gram-negative bacteria (Salmonella enterica
ATCC43972, Pseudomonas aeruginosa ATCC 49189, Hafnia sp. and Serratia sp.) and
the pathogenic fungus Candida tropicalis R2 CIP203 (Smaoui et al., 2010).
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Surprisingly, heavy metal related genes, lead uptake protein PbrT (cluster 8, table
7.10) and heavy metal translocating P-type ATPase (cluster 20, table 22), were
predicted in isolate_99. These genes might be involved in metabolites productions.
The transcripts of these genes were upregulated in the presence of Pb by 5.1-fold
and 13.3-fold respectively. PbrT is a lead uptake permease belonging to the iron/lead
transporter superfamily (Jarostawiecka et al., 2014), which is involved in the influx of
Pb. Also it participates (along with other encoded proteins) in a lead-resistance
mechanism in bacteria (Hynninen et al., 2009). Similarly, heavy metal translocating P-
type ATPases have been found to play roles in metal uptake and homeostasis
(Rutherford et al., 1999), and also act as transporters that confer tolerance to the
metal ion substrate through acting as an efflux pump (Rensing et al., 1999; Okkeri &
Haltia 2006).
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Table 7.1: Differential expression analysis of secondary metabolism clusters of
isolate_99 under lead metal stress which identified by antiSMASH 3.0. Samples

without Pb supplement were used as a control. The cutoff was set at a p-value of

0.05.

Cluster Type Up/Down-regulated
Cluster 1 Lantipeptide Down
Cluster 2 Siderophore Down
Cluster 3 Terpene Down
Cluster 4 Terpene Down
Cluster 5 Otherks Down
Cluster 6 Otherks Down
Cluster 7 Terpene-Butyrolactone Down
Cluster 8 Bacteriocin Up
Cluster 9 Bacteriocin Down
Cluster 10 Otherks-T1pks Down
Cluster 11 Otherks-T2pks Down
Cluster 12 Butyrolactone- Otherks Down
Cluster 13 Terpene Down
Cluster 14 Nrps Down
Cluster 15 Siderophore Down
Cluster 16 Nrps Down
Cluster 17 Siderophore Down
Cluster 18 Nrps Down
Cluster 19 Othe Down
Cluster 20 Bacteriocin Up
Cluster 21 Melanin Down
Cluster 22 Ectoine Down
Cluster 23 Terpene Down
Cluster 24 Other Down
Cluster 25 Nrps Down
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Cluster 26

Nrps

Down
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Table 7.2: Down and up-regulated genes involved in a biosynthetic gene cluster No. 8

(Bacteriocin) and their functions obtained from antiSMASH/NCBI/BacMet databases.

Samples without Pb supplement were used as a control. The cutoff was set at a p-

value of 0.05.
Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- Drug resistance transporter (EmrB/QacA)/ 5.2 0.3
related gene efflux| putative transmembrane efflux
protein/
multidrug efflux pump SmfY
Biosynthetic Alpha/beta hydrolase fold protein/ 1.4 1
gene Alpha/beta hydrolase fold protein /
Efflux pump protein FarA
Other gene No hits/ 2.9 0.6
Hypothetical protein/
Nickel transport permease system
Other gene No hits/ 27.9 0.49
Hypothetical protein/
LysR famil
Other gene No hits/ 2.6 0.5
Hypothetical protein/
Mutidrug resistance protein MdtA
Other gene No hits/ 2.8 1
Hypothetical protein/
Mutidrug resistance protein PmpM
Other gene No hits/ 11.5 1
RiPP maturation radical SAM protein/
Arsenical pump-driving ATPase
Other gene No hits/ 13 0.00014
RiPP maturation radical SAM protein/
Outer membrane protein Oprm
Biosynthetic Radical SAM domain protein 4.8 1.3E-06

gene

Radical SAM domain protein

CopA family copper resistance protein
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Other gene

No hits/
No hits/

ABC transporter

0.9

Other gene

No hits/
Hypothetical protein/

Copper homeostasis protein CutC

15.1

0.7

Other gene

No hits/
Hypothetical protein/

Putative cation efflux system protein

8.4

1.95E-56

Other gene

No hits/
Hypothetical protein/

Multidrug resistance protein

7.4

2.46E-13

Other gene

No hits/
No hits/

Multidrug resistance protein

3.1

Biosynthetic

gene

Lantibiotic dehydratase/
Lanthionine biosynthesis protein/

Lead uptake protein PbrT

13.3

0.02

Other gene

No hitis/
Lanthionine biosynthesis protein/

Na+ driven multidrug efflux pump
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Table 7.3: Down and up-regulated genes involved in a biosynthetic gene cluster No.

20 (Bacteriocin) and their functions obtained from antiSMASH/NCBI/BacMet

databases.
Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- Major facilitator transporter/ 5.6 0.06
related gene Efflux | putative multidrug resistance protein/
Major facilitator superfamily permease
Other gene No hits/ 1.4 1
Peptidase S9/
Copper
Other gene No hits/ 3.2 0.4
S9 family peptidase/
Copper resistance B precursor
Other gene No hits/ 8.3 8.28E-09
hypothetical protein OV320_2954/
No hits
Biosynthetic Radical SAM domain protein/ 3.4 0.004
gene RiPP maturation radical SAM protein 1/
Copper-translocating P-type ATPase
Other gene No hits/ 4.5 1
RiPP maturation radical SAM protein/
Multidrug resistance protein MdtO
Other gene No hits/ 2 1
Hypothetical protein/
Protein KlaC
Biosynthetic 3-hydroxyisobutyrate dehydrogenase/ 1.4 1
gene NADP oxidoreductase/
Putative enoyl
Regulatory TetR family/ 11.5 1
gene TetR family/
TetR family
Other gene No hits/ 7.7 1

XRE family transcriptional regulator/
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No hits

Other gene

No hits/
Transcriptional regulator

Heavy metal translocating P-type ATPase

5.1

0.56

Other gene

No hits/
Hypothetical protein/

CzrB protein

4.5

Biosynthetic

gene

Short chain dehydrogenase/
Short chain dehydrogenase/

enoyl-reductase

3.2
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7.4 Transcriptional regulator families response to heavy metal (Pb)

The following transcriptional regulator families: AraC, GntR, MarR, AsnC, MerR, IcIR,
Lacl, TetR, SARP, PadR, LuxR and LysR families were predected in biosynthetic gene
clusters of isolate_99. TetR, MarR and GntR transcriptional regulation families were
more abundant than the others (Table 7.4). It can be noticed that the transcript
levels of these regulator genes were different between the samples with and without
Pb added to the medium. The transcriptional levels of MerR in cluster 4 (Terpene),
SARP in cluster 11 (Otherks-t2pks), TetR in cluster 20 (Bacteriocin) and GntR and TetR
in cluster 23 (Terpene) were notably increased in the presence of lead metal.
Although the changes in the transcript levels of MerR (cluster 4), TetR (cluster 20)
and GntR (cluster 23) were not significant (p > 0.05), MerR, TetR and GntR
transcripts increased by 10.8, 11.5 and 17 fold respectively when exposed to Pb.
However, there were significant changes in the levels of SARP (cluster 11) and TetR
(cluster 23) transcriptional genes when exposed to Pb (p < 0.05). The transcripts of

these two genes were increased by 33.1 and 27 fold respectively (Table 7.4).

On the other hand, transcript levels of only two transcriptional regulatory genes
were notably decreased in presence of Pb. The transcript levels of GntR in cluster 18
(Nrps) and MerR in cluster 24 (Other) were decreased by 10-fold each. However, the

fold changes of these two genes were not significant (p > 0.05) (Table 7.4).
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Table 7.4: Transcriptional regulator genes involved in biosynthetic gene clusters

obtained from AntiSMASH 3.0 that were differentially expressed under lead metal

stress.
Cluster/Position | Type Transcriptional regulator Fold p-
gene change value
3.1 Terpene AraC family 1.2 0.09
3.2 GntR family 1.1 1
4.1 Terpene MarR family -1.1 1
4.2 AsnC family 2 1
4.3 MerR family 10.8 0.54
5.1 Otherks IcIR family 2.2 0.39
5.2 MerR family -1 1
6.1 Otherks Lacl family -1 1
6.2 TetR family -1.3 0.78
6.3 SARP family -1.6 0.34
7.1 Terpene- TetR family 1.2 0.84
butyrolactone
10.3 Otherks-t1pks SARP family 1 1
10.4 MarR family -1.2 1
11.1 Otherks-t2pks SARP family 33.1 0.01
11.2 PadR family -1.4 0.49
13.2 Terpene Lacl family 1 1
141 Nrps IcIR family -2 0.34
14.2 LuxR family 33 0.7
14.3 LysR family -1 1
15.1 Siderophore ArsR family 4.5 1
16.1 Nrps AsnC family -1.3 1
16.5 TetR family -1.3 0.68
17.1 Siderophore TetR family 2.8 0.35
18.1 Nrps IcIR family 1.7 0.38
18.2 MerR family 2 1
18.3 LuxR family -1.6 0.68
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18.6 MarR family -3.3 0.4
18.7 GntR family -10.2 0.5
19.1 Other GntR family 2 0.35
20.1 Bacteriocin TetR family 11.5 0.25
23.1 Terpene GntR family 17 0.2
23.2 TetR family 27 0.03
24.1 Other LuxR family 1.5 0.37
24.2 MerR family -10 0.51
24.3 ArsR family -1.2 1
24.4 TetR family -1.4 0.41
25.1 Nrps AraC family -2.4 0.68
25.2 MarR family -5.3 0.01
25.3 TetR family 1.2 0.85
26.1 Nrps Lacl family 1.2 0.45
26.2 MarR family 1.4 1
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The MerR family members are dimeric proteins that display a high degree of
sequence similarity in the N-terminal DNA binding domains (Newberry & Brennan
2004). The MerR transcriptional regulatory genes have been shown to be activated in
response to stress signals in bacteria, such as exposure to heavy metals, oxygen
radicals, or cytotoxic compounds (Jarostawiecka & Piotrowska-Seget 2014). A subset
of MerR family regulators has been identified which responds to Cd(ll), Zn(ll), Co(ll),
Cu(1), Ag(l), Au(l), Hg(ll) and Pb(ll) (Brown et al., 2003). Of these regulatory genes,
ZntR and PbrR are among the well-known identified lead metal specific regulatory
genes (Brown et al., 2003; Taghavi et al., 2009). However, these two regulatory
genes were identified in isolate_99 (> 60% identity) using BacMet database (Pal et
al., 2014). In Streptomyces coelicolor, the bldC locus, which is required for formation
of aerial hyphae encodes a small DNA-Binding protein found in members of the MerR
family of transcriptional activators which are needed for development and
production of the polyketide antibiotics actinorhodin and undecylprodigiosin (Hunt

et al., 2005).

The TetR family of transcriptional regulators are well represented and widely
distributed among bacterial species, whose proteins control genes involved in the
biosynthesis of antibiotics, multidrug resistance, osmotic stress, and pathogenicity of
Gram-negative and Gram-positive bacteria (Ramos et al. 2005). The TetR family of
regulators is a large and important family of one-component signal transduction
systems that consist of an N-terminal DNA binding domain and a larger C-terminal
domain (Cuthbertson & Nodwell 2013). However, various TetR regulators have been
identified in species of Streptomyces and related actinobacteria which are involved in
the biosynthesis clusters for antibiotics and other secondary metabolites. Of these,
ActR which is involved in biosynthesis of actinorhodin that acts a typical type Il
polyketide synthase in S. coelicolor (Das& Khosla 2009); LanK has found to regulate
the biosynthesis for the glycosylated angucyclic polyketide antibiotic landomycin A in
S. cyanogenus (Ostash et al., 2008) and SimR, which is involved in the biosynthesis
cluster for simocyclinone D8 in Streptomyces antibioticus Ti 6040 which is a

structurally complex inhibitor of DNA gyrase (Galm et al., 2002; Edwards et al., 2009).
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Transcriptional regulators of the Streptomyces antibiotic regulatory protein (SARP)
family have been shown to play a role in the activation of secondary metabolites
production in Streptomyces species. In S. coelicolor they are positive regulators in the
production of undecylprodigiosin and actinorhodin antibiotics (Bibb, 2005); in S.
peucetius they regulate daunorubicin biosynthesis (Madduri and Hutchinson, 1995);
and they regulate tylosin antibiotic production in S. fradiae (Bate et al., 2002).
However, SARP transcriptional regulators are a specific family of paralogous proteins
that show a high specificity for regulating extracellular signals of y-butyrolactone
molecules which are produced in many if not all streptomycetes and in several other

genera of actinomycetes (Bibb, 2005).

The GntR family is a large group of proteins present in diverse bacteria and regulating
various biological processes (Aravind & Anantharaman, 2003). In Streptomyces, the
GntR-family regulator DasR has been shown to regulate the sugar
phosphotransferase system of N-acetylglucosamine (GIcNAc) metabolism to control
the signal for the switch to antibiotic production and morphological development
(Rigali et al., 2008). However, the authors have shown that under famine conditions,
GlcNAc addition stimulated antibiotic production in S. clavuligerus, S. collinus, S.
griseus, S. hygroscopicus and S. venezuelae grown on MM agar (5 mM GIcNAc or
higher) by functioning as an allosteric effector of the pleiotropic transcriptional
repressor DasR regulon, which controls the GIcNAc transport and metabolism as well
as antibiotic production. The AraC family of transcriptional regulators is another large
group of regulatory proteins in bacteria. Members of this group are involved in the
transcriptional regulation of a variety of cellular processes in bacteria, including
carbon metabolism (Gallegos et al., 1997); stress responses, e.g., response to
alkylating agents in E. coli, S. typhimurium, Mycobacterium tuberculosis and Bacillus
subtilis, response to oxidative stress in E. coli, S. typhimurium and Mycobacterium
tuberculosis, tolerance to antibiotics and organic solvents in Providencia stuartii , E.
coli and Klebsiella pneumoniae (Gallegos et al., 1997; Yang et al., 2011); and
virulence in Mycobacterium tuberculosis (Gallegos et al., 1997; Frota et al., 2004).
However, the AdpA protein which belongs to the AraC family has been found to play

a major role in regulating A-factor, the representative of the y-butyrolactones, which
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is control secondary metabolism or morphological differentiation in various species
of Streptomyces (Horinouchi and Beppu, 1994). In a study carried out by Kato et al.
(2005), they have revealed that an A-factor-deficient mutant of S. griseus neither
produces any of the secondary metabolites, including streptomycin, nor forms aerial
mycelium or spores, and when A-factor was added to such mutants, the defects in
secondary metabolism and morphological differentiation were simultaneously
restored. Thus A-factor was believed to act as a chemical signalling molecule, or
microbial hormone, for both secondary metabolism and morphological

differentiation (Horinouchi, 2002).

The LuxR family of transcriptional regulators are well known to be involved in
transcriptional activator of Quorum Sensing (QS) and coordinates the expression of a
variety of genes, including those encoding virulence factors (Fuqua et al., 1996; Chen
& Xie 2011). However, some members of the LuxR family have been found to
positively regulate biosynthesis of bioactive metabolites in Actinobacteria. Previously
published studies demonstrate a major role of LuxR regulators in the antibiotic
biosynthesis Streptomyces spp. Examples include geldanamycin biosynthesis in S.
hygroscopicus (He et al., 2008), amphotericin biosynthesis in S. nodosus (Carmody et
al., 2004), nystatin biosynthesis in S. noursei (Sekurova et al., 2004) and pikromycin
biosynthesis in S. venezuelae (Wilson et al., 2001). Moreover, the production of
salinosporamide A was enhanced through the activation of the biosynthesis of
specific precursor chloroethylmalonyl-CoA in Salinispora tropica as a result of

overexpression of salR2 which is a member of luxR family (Lechner et al., 2011).

Other common regulator families that found in isolate_99 were MarR, AsnC, IclR,
Lacl, PadR and LysR (Table 7.4). There is no evidence that these transcriptional
regulatory genes are involved in the secondary metabolites production in bacteria.
However, they serve and play a key role in a drug efflux pump and antibiotic
resistance, virulence, amino acids metabolism, carbon metabolism, pilli biosynthesis,
DNA transactions during DNA repair and recombination, mRNA translation,

degradation of aromatic compounds, biofilm formation and motility (Ellison & Miller,
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2006; Calvo &Matthews, 1994; Thaw et al., 2006; Yamamoto & Ishihama, 2003;
Antonio et al., 2006; Aguilar et al., 2014).
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7.5 Transport-related genes responding to heavy metal (Pb)

The transcript levels of transported-related genes involved in biosynthetic gene
clusters of isolate_99 were slightly down-regulated in presence of lead (Table 7.2).
The overall changes in the transcript levels of transport-related genes were not
significant (p > 0.05). However, the drug resistance transporter gene (EmrB/QacA) in
cluster 8 (Bacteriocin), major facilitator transporter gene in cluster 16 (Nrps) and
major facilitator transporter gene in cluster 20 (Bacteriocin) were notably up-
regulated. There were significant changes (p < 0.05) in the levels of drug resistance
transporter gene (cluster 8) and major facilitator transporter gene (cluster 20)
increasing by 5.2 and 5.5-fold respectively. Although the transcript of = major
facilitator transporter gene (cluster 16) was up-regulated by 15-fold, the change in

the transcript level was not significant (p > 0.05).

It can be noticed that the ABC and major facilitator are most common transported-
related genes involved in biosynthetic gene cluster of isolate_99 (Table 7.5). Both
the ABC systems and the major facilitator superfamily can serve as importers that
mediate the uptake of nutrients in bacteria including mono- and oligosaccharides,
organic and inorganic ions, amino acids, peptides, iron-siderophores, polyamine
cations, vitamins and metals also served as exports of various molecules, such as
peptides, lipids, hydrophobic drugs, polysaccharides, and proteins (Davidson et al.,
2008; Theodoulou & Kerr, 2015; Reddy et al., 2012). In the presence of high
concentrations of metal ions, genes that encode for metal transporters are repressed
in an effort to decrease the cytosolic uptake of that metal ion and thereby limit
negative effects on bacterial cell components (Ma et al., 2009). Metal transporters
including the ABC transporters and the major facilitator family systems have been
identified and characterised to be involved in metal homeostasis (Nies, 2003; Ma et

al., 2009).
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Table 7.5: Transport-related genes involved in biosynthetic gene clusters obtained

from AntiSMASH 3.0 that were differentially expressed under lead metal stress.

Cluster/Position | Type Transport related gene Fold p-
change value
4.1 Terpene Drug resistance transporter, -1.2 1
EmrB/QacA
5.1 Otherks ABC transporter permease protein | -1.4 0.8
5.2 ABC transporter ATP-binding 1.3 0.54
protein
6.1 Otherks ABC transporter permease protein | 1.3 0.67
8.1 Bacteriocin Drug resistance transporter, 5.2 0.02
EmrB/QacA
9.1 Bacteriocin ABC transporter ATP-binding -5.6 1
protein
10.1 Otherks- Drug resistance transporter, 2 0.16
tlpks EmrB/QacA
11.1 Otherks- Drug resistance transporter, 1.8 0.14
t2pks EmrB/QacA
13.1 Terpene ABC transporter, carbohydrate 1 1
13.2 uptake -2.2 1
13.4 Inner membrane translocator -6 1
ABC transporter ATP-binding
protein
14.1 Nrps Major facilitator transporter -1.2 1
15.1 Siderophore | Major facilitator transporter 2 0.62
16.1 Nrps ABC transporter ATP-binding 1 1
16.2 protein 15 0.12
16.3 Major facilitator transporter 4.5 1
16.4 Sodium/hydrogen exchanger 1 1
Drug resistance transporter,
EmrB/QacA
20.1 Bacteriocin Major facilitator transporter 5.6 0.002
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22.1 Ectoine Polar amino acid ABC transporter -1.7 0.03

23.1 Terpene ABC transporter ATP-binding -1.1 1

23.2 protein -1.2 1
Sodium: dicarboxylate symporter

25.1 Nrps Inner membrane translocator 3 0.18

25.2 ABC transporter ATP-binding -1.6 0.05

protein
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7.6 Heavy metal associated genes involved in biosynthetic clusters response to

heavy metal (Pb).

The transcriptional levels of heavy metal associated genes involved in biosynthetic
gene clusters of isolate 99 were determined in presence of lead metal. Out of 26
biosynthetic gene clusters detected in isolate_99 by antiSMASH (Chapter 5, Table
5.1), 11 biosynthetic gene clusters were displayed to have heavy metal associated
genes either in their core or other (hypothetical) biosynthetic clusters (for more
details see appendix C). The transcript levels of heavy metal genes involved in core
biosynthetic clusters of lantipeptite (cluster 1), otherks (cluster 6), butyrolactone-
otherks (cluster 12), NRPS (cluster 14), other (cluster 19), other (cluster 24) and NPRS
(cluster 26) were slightly down-regulated in the presence of Pb, however, no
significant change was observed (p > 0.05) apart from lantipeptide cluster (p < 0.05).
On the other hand, heavy metal genes found in core biosynthetic gene clusters of
otherks-tipks (cluster 10), siderophore (cluster 17), other (cluster 19) and NRPS
(cluster 25) were up-regulated in the presence of Pb. Additionally, it has been
noticed that the transcripts of heavy metal genes involved in other genes of
bacteriocin (cluster 20, table 7.3) and other (cluster 24) biosynthetic clusters
increased in presence of lead. However, although, the changes in the transcript levels
of these genes were not significant (p > 0.05), the heavy metal genes increased by

5.1 and 8.7-fold respectively.
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Chapter 8:

General Discussion
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Besides traditional selection for preliminary isolation which is based on morphology
characterisations for representative actinomycetes, we applied a stereoscopic
microscope identification approach on selective medium which could exclude many
unwanted microorganisms that did not exhibit similarities with actinomycetes. In
addition, we recommend purifying actinomycetes on different culture media to

elucidate their morphological and physiological characterisations.

It can be deduced from the molecular identification results that primer sets used for
16S rRNA gene amplification were highly conserved as different genera of
actinomycetes were identified (Table 3.1, Chapter 3) including rare genera such as
Lentzea, Kribbella and Nocardioides. In addition, the distance tree of these strains
obtained using neighbour joining method (Figure 3.3, Chapter 3) exhibited that using
leBIBI tool (Falndrois et al., 2015) for determining and identification (Table 3.1,
Chapter 3) by producing approximate maximum likelihood phylogenetic tree
approach is an accurate new tool to find the most similar hit returns from

environmental samples through phylogenetic reconstruction.

It seems to be that the induction of silent gene clusters by the heavy metal (Pb)
resulted in isolates 85 and 99 screeting unknown compounds affecting the growth of
the neighbouring cultures (Figure 3.4, chapter 3). These two promising isolates
exhibited a very strong activity against C. albicans and E.coli respectively when they
were grown on MM agar whereas they did not exhibit activity in broth medium. This
suggests utilising solid agar media for screening actinomycetes for bioactive
metabolites production from such medium state sensitive strains as in our study. To
our knowledge, there are no published studies showing the activation effects of lead
metal to promote the silent gene cluster in actinomycetes for secondary metabolite
productions. However, a recent study conducted by Haferburg & Kothe (2013)
showed that the biosynthetic pattern of secondary metabolites can be altered and
new potentially therapeutic compounds might be discovered through activation of

silent gene clusters in Streptomyces by heavy metals induction.
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In order to avoid and minimise the interference by heavy metal ions with the
ingredients of complex media, the agar plate method with Minimal Medium (MM)
was used. Despite this, isolates grown on complex media supplemented with lead
could not produce bioactive metabolites against tested microorganisms (Figure 3.6 B,
Chapter 3). However, supplementation of MM with heavy metals as simulation of
environmental conditions to which the isolate might have adopted can be induced to

produce novel bioactive metabolites.

Based on obtained results from lead metal stress and bioassay against ESKAPE
pathogens, we can conclude that microorganisms that are isolated from
environments contaminated with heavy metals represent a point of interest for the

research of novel undiscovered secondary bioactive metabolites.

The quality of the final draft whole genome sequences generated in this study using
lon Torrent Technology were concurrent to the data produced by other current next
generation sequencing technologies, which are available from GenBank in NCBI. The
data were sufficient with good coverage to perform de novo assemblies and the
obtained draft sequences were in the average of the other genomes from
Streptomyces and had the same ratio of GC content. It was possible with lon Torrent
PGM to generate a total data output of around 1 Gb using 316v2 chip with a total
reads of 3.6 Million. However, the total bases are depended on the loading
percentage, total number of reads and read length. Also, it is now possible with lon
Torrent PGM to generate 400bp read throughput of up to 2 GB using 318v2 chip type
with 4-5.5 Million reads. Although low bead loading percentage can result from a low
percentage of templated ISPs, which subsequently can be the result from many
issues discussed above, we have developed a loading protocol (Appendix B) with high
performance of >70% each time and achieved a record of 91% positive ISPs loading

chip (Figure 4.2, Chapter 4).

Applying PHAST and ResFinder web services can easily identify prophage sequences
and acquired antibiotic gene resistance in the genomes of Streptomyces. It may also
help develop genetic tools, and in silico identifications can enable more accurate and

efficient investigations in the laboratory.
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The 16S rRNA gene sequence phylogenies, the most fundamental and crucial
molecular marker for proposing a new species, had grouped the isolate_99 strain
into the genus Streptomyces and distinguished it from any known Streptomyces spp.
According to 16S rRNA phylogenetic tree (Figure 5.1, Chapter 5), the most closely
related strains to isolate_99 were S. turgidiscabies and S. graminilatus. Two more
phylogeny trees using 23S rRNA gene (Figure 5.4, chapter 5) and WGS reads were
(Figure 5.3, Chapter 5) constructed to further investigate the relatedness between
the isolate_99 and the most related strains. Interestingly, there was an excellent
correlation between the phylogeny of the three trees constructed based on 16S
rRNA, 23S rRNA and WGS. However, this can highlight the strength of ribosomal
genes and WGS reads in identifying relationships between closely related species in

genus of Streptomyces.

Applying the state-of-the-art bioinformatics tools using ANI and in silico DDH (Tables
5.1 & 5.2, Chapter 5) confirmed that the isolate_99 cannot belong to the same
species or subspecies of S. turgidiscabies or S. graminilatus, and provided clear
evidence that the isolate_99 is the newest member of the genus Streptomyces.
Additionally, comparative data based on proteome analysis with PATRIC
bioinformatics tool (Figure 5.5, Chapter 5) and genome function with RAST tool

(Figures 5.6, 5.7 & 5.8, Chapter 5) also supports its novelty.

The phenotypic microarray (PM) experiments produced a great amount of high-
quality data that gave useful information about phenotypic differences between
isolate_99 and both S. turgidiscabies and S. graminilatus strains (Figures 5.9-5.20,
Chapter 5). However, the correlation between the high throughput data obtained
from the both next generation sequencing and phenotypic microarray showed the
power of these technologies of discrimination between these three strains and

assigning isolate_99 as a novel species of Streptomyces.

A comprehensive analysis was performed for identifying secondary metabolite

biosynthesis gene clusters in isolate_ 99 employing both bioinformatics tools,
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antiSMASH (Medema et al., 2011) and ClusterFinder (Cimermancic et al., 2014). A
total of 26 gene clusters for putative of different classes of biosynthetic secondary
metabolites were predicted using antiSMASH (Table 6.1, Chapter 6). However,
ClusterFinder identified an additional cluster involving in PKs that was not identified
by antiSMASH. In addition, ClusterFinder also identified another 33 putative
biosynthetic gene clusters of unknown types that cannot be detected using
antiSMASH Table 6.2, Chapter 6). The genome mining revealed nine PKS and NRPS
gene clusters that might produce a wide range of medically important compounds
are present in isolate_99. Abundance of these genes was also comparable to those of

well-studied and industrially useful strains such S. coelicolor and S. avermitilis.

Implementing the Known ClusterBlast module with the new version of antiSMASH
version 3.0 (Weber et al., 2015) was necessary to avoid discovery of the same
molecules produced by experimentally characterised biosynthetic gene clusters.
Further, ClusterBlast was implemented to find similarities of BGCs identified in
isolate_99 to other gene clusters within the same genus of Streptomyces, distantly
related or other no-related genera. Surprisingly the biosynthetic gene cluster 25 did
not display similarities to Streptomyces but instead showed similarities to non-
related genera including Clostridium and Bacillus (Figure 6.3, Chapter 6). More
interestingly, the presence of the same transposon in isolate_99, Clostridium and
Bacillus might support the idea that horizontal gene transfer of this biosynthetic
gene cluster occurred during the evolution of these genera. This cluster or the other
clusters which were identified to demonstrate no similar known clusters (Table 6.1
and Table 6.2, Chapter 6) may be potential sources for novel natural products that
have not been observed under standard laboratory conditions within the genus of

Streptomyces.

Finally, the RNA sequencing and transcriptomic experiment was dedicated to the
analysis of the transcriptional biosynthesis gene clusters of Isolate_99 under lead
metal stress. It has been observed that the presence of lead metal had a negative
effect on the integrity value of RNA compared to the RNA samples without metal

(Figure 7.1, Chapter 7). Nevertheless, the ribosomal RNA of 16S and 23S were
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successfully depleted from the samples (Figure 7.2, Chapter 7). Additionally, the
average library sizes of the samples were between 260 to 284 bp (Figure 7.3, Chapter
7) which are highly recommended for 200 bp assay (average size 200 — 300 bp, life

technologies) for the sequencing by lon Torrent Technology.

Generally, although the number of expressed genes in samples without Pb
supplement were more than in samples with Pb supplements (Figure 7.6, Chapter 7),
the expression genes that differ significantly (p-value < 0.05) were found more in
samples with Pb supplement than in samples without Pb supplement with a massive

expression for some genes (Figure 7.8, Chapter 7).

Interestingly, out of 26 biosynthetic gene clusters identified in isolate_99 by
antiSMASH only two clusters of bacteriocin type were up-regulated as a whole
(Table 7.1, Chapter 7). Moreover, the transcripts of all genes including RiPPs and
radical SAM enzymes that are involved in bacteriocin clusters of isolate 99 were
increased and significantly up-regulated in presence of Pb (Table 7.2 & 7.3, Chapter
7). These results suggest that bacteriocin activities from isolate_99 might inhibit the
growth of the neighbouring Streptomyces species as related group (Figure 3.4,
Chapter 3) and the growth of E. coli as unrelated group (Figure 3.5, Chapter 3) of

bacteria.

Several transcriptional regulatory genes have been found in biosynthetic gene
clusters (BGCs) of isolate_99. Of these, TetR, MarR and GntR transcriptional families
were more abundant than the others (Table 7.4, Chapter 7). However, not all of
these genes involved in the identified in BGCs were found to be differentially
regulated between the samples of with and without adding Pb to the medium. The
following transcriptional regulator genes AraC, GntR, MerR, TetR, SARP and LuxR
families were found to be involved in transcriptional activators of secondary
metabolites production in bacteria including Streptomyces (Hunt et al., 2005; Ramos
et al. 2005; Bibb, 2005; Rigali et al., 2008; Lechner et al., 2011). On the other hand,
MarR, AsnC, IcIR, Lacl, PadR and LysR transcriptional genes were found to play a vital
role in bacterial life cycles rather than involving in the secondary metabolites

production (Ellison & Miller, 2006; Calvo &Matthews, 1994; Thaw et al., 2006;
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Yamamoto & Ishihama, 2003; Antonio et al., 2006; Aguilar et al., 2014). Similarly,
transport-related genes and heavy metal genes involved in BGCs of isolate_99 were

also found to display different transcript levels under Pb stress.
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Chapter 9:

Conclusions and Future Work
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9.1 Conclusions

The main goal of this work was to discover new sources for novel antibiotics to
combat the rise of antibiotic resistance by means of bacterial genome mining and
transcriptomic analysis of silent secondary metabolite gene clusters under induction

of heavy metals. The key findings of the thesis can be summarised as follows:

e Heavy metals contaminated sites can be rich sources of new Streptomyces
strains including rare genera of actinomycetes that may produce
pharmaceutically important bioactive metabolites (Chapter 3).

e The agar plate method with Minimal Medium (MM) is an excellent approach
for simulation of environmental conditions for establishing induction of
antibiotic silent gene clusters with heavy metals (Chapter 3).

e Promising Streptomyces isolates were stimulated to produce bioactive
metabolites under the One Strain-Many Compounds (OSMAC) approach
against ESKAPE pathogens utilising ISPs (ISP2-ISP7) media (Chapter 3).

e For Whole Genome Sequencing (WGS), we have developed a protocol for
loading lon 316v2/318v2 chip types where the loading percentage was > 70%
each time and we have achieved a record of 91% positive ISPs loading chip
(Chapter 4).

e Generating library sizes around 400 bp for WGS was led to high loading
percentage and consequently the total amount of NGS data was increased
leading to obtain sufficient coverage depths for de novo assemblies of the
sequenced Streptomyces genomes (Chapter 4).

e The limitation of de novo genome assemblies without the use of a reference
genome was overcome by insertion of long read length libraries of around
400 bp (Chapter 4).

e The limitation of de novo assemblies of high GC content Streptomyces
genomes was overcome by enabling single-cell mode and choosing k-mer
lengths of 21,33,55,77 using Spades assembler bioinformatics tool (Chapter
4).
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RestFinder and PHAST bioinformatics tools can serve as accurate in silico
genetic tools to identify acquired antibiotic gene resistance and phages
sequences in the genomes of Streptomyces (Chapter 4).

The values from in Silico DDH and ANI have shown clear evidence that
isolate_99 is a new member of the genus Streptomyces (Chapter 5).

The phylogenetic relationships analysis based on 16S rRNA gene, 23S rRNA
gene and WGS trees indicated that both S. turgidiscabies and S. graminilatus
are the most closely related strains to the isolate_99 (Chapter 5).

The results obtained from proteome analysis, Phenotypic Microarray (PM)
and genome function based experiments have differentiated isolate_99 from
both S. turgidiscabies and S. graminilatus strains (Chapter 5).

Notably, the correlation between the high throughput data obtained from the
both next generation sequencing and phenotypic microarray showed the
power of these technologies to discrimination between the most closely
related bacterial strains and assigning isolate_99 as a novel species of
Streptomyces (Chapter 5).

The results of genome mining for Biosynthetic Gene Clusters (BGCs) revealed
that isolate_99 harbours 26 putative BGCs of differential classes of
biosynthetic secondary metabolites. Some of these may be potential sources
for novel natural products that have not been discovered under standard
laboratory conditions within the genus of Streptomyces (Chapter 6).

The RNA integrity number (RIN) values for samples without lead metal (Pb)
were higher compared to samples with Pb supplement. This indicates that
lead metal has a negative effect on the integrity of RNA samples isolated from
bacteria. (Chapter 7).

The presence of Pb did not affect the depletion of 16S rRNA and 23S rRNA
genes from the RNA samples, also it showed no effect on the average library
sizes of the RNA samples, which were within the recommended sizes, for the
sequencing by lon Torrent Technology using 200 bp assay (Chapter 7).

The transcriptomic RNA analysis of 26 biosynthetic gene clusters identified in

isolate_99 by antiSMASH revealed that the Bacteriocin gene clusters were the
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only clusters that were significantly up-regulated in the presence of lead
metal. These results suggest that bacteriocin activities from isolate_99 might
inhibit the growth of the neighbouring Streptomyces species as a related
group and also inhibit the growth of E. coli as an unrelated group of bacteria
(Chapter 7).

e Finally, the transcriptomic and computational analyses suggest that there is
also the potential to identify novel RiPP and radical SAM genetic loci in
isolate_99. This may, in turn, lead to the discovery of novel antimicrobial

compounds to treat multidrug resistant infections (chapter 7).

9.2 Future Work

The work warrants further investigations. From the theoretical point of view, it is still
not entirely clear why the presence of Pb-metal in MM agar induced the silent gene
clusters in these Streptomyces isolates to secrete bioactive compounds affecting the
growth of tested microorganisms. Future work would be to identify and characterise
of the bioactive compounds produced in cultures under Pb-metal stress by HPLC-MS,
LC-MS, MS-MS and NMR spectroscopy. After patenting of the novel compounds,
further development could be possible, including medicinal and industrial
applications. It also remains to be investigated, whether the compounds produced in
these cultures are synthesised only in presence of Pb-metal, or if their production is

induced under metal-rich conditions to amounts exerting biological activity.

Also, for future work would be to analyse and characterise the two radical SAM
protein encoding genes which may be responsible for the modification of RiPPs
precursors and carry out novel chemistry that is involved in production of new
bioactive metabolites. Additionally, investigation of genes surrounding the encoded
radical SAM proteins like transporter, regulatory and putative genes that might cause

antibiotic production in the presence of lead.
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Appendix A

Morphology and growth characteristics of the strains isolated in this study on the different

ISPs (ISP2-ISP7) media.
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Appendix B

Chip Loading Protocol 316 v2/ 318 v2

L
-
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-
=
-
=
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o
| =h

Notes: Use unweighted buckets.

Use a used chip (same type) to balance the MiniFuge
containing 30ul of annealing buffer (from Sequencing Kit in

fridge).

Remove liquid from chip after chip check

1. Tilt chip 45 degree angle with the loading port down (where the little
nudge is) and insert pipette tip firmly and remove as much liquid as
possible.

2. Place the chip upside down in the bucket and orient the chip tab
pointing in (towards centre of the MiniFuge).

3. Centrifuge 10 sec and remove any liquid from the bucket with a

Kimwipe tissue.
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Loading templated ISPs onto the chip

IMPORTANT: Keep the chip in the bucket and tilt it at a 45 degree angle. The pipette

tip needs to be at 90 degrees to the chip. Loading port should face down (close to

chip tab).

Following the polymerase incubation, collect the entire sample of
approximately 30 ul into Rainin SR-L200F pipette tip and insert the tip
firmly into the loading port of the chip.

Dial down the pipette to gently and slowly deposit the ISPs at a rate
of 1ul per second. Avoid introducing any bubbles and thus keep a

small amount of sample in the pipette tip.

. Transfer the chip to MiniFuge with the bucket to the centrifuge with

the chip tab poining to the centre. Centrifuge for 30 sec (Cycle 1).
Mix the sample in the chip by:
a) Setting the volume to 25 ul.
b) Tilt the chip to a 45 degree angle so that the loading port is the
lower port, and insert the tip firmly into loading port.
c) Slowly pipette the sample in and out of the chip 10 times and
avoid introducing any bubbles.

Centrifuge the chip for 30 sec with the spin tab.

Cycle 1 Cycle 2 Cycle 3 Cycle4 Cycle 5

Spin Tab In Out In Out In

At cycle 5, the last time after mixing dial the sample back into the chip

as for cycle 1

DO NOT SPIN THE CHIP UPSIDE DOWN AT ANY TIME

. Tilt the chip at 45 degree angle and slowly remove as much liquid as

possible, if any liquid remains spin the chip for 5 sec with the chip tab
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pointing out and facing upwards and remove any additional liquid. Do
not flush the chip.

7. Proceed to select Planned Run and perform the run.
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Appendix C

Tables show fold change and p- value for all identified biosynthesis gene clusters in
isolate_99 employing antiSMASH that their functions obtained from antiSMASH/
NCBI/ BacMet databases. The colour codes correspond to the antiSMASH prediction
for each cluster. Red highlighted genes and rows show biosynthetic, blue highlighted
show transport-related, green highlighted show regulatory and grey or white show

other genes and proteins.

Legend:
B biosynthetic genes [l transport-related genes [ regulatory genes [l other genes

B { DD TG el Erpeapen-am
Cluster No. 1 (Lantipeptide)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change

Biosynthetic Lantibiotic dehydratase domain protein/ -3.1 0.012

gene Methyltranferase/

heavy metal translocating P-type ATPase

Biosynthetic Lanthionine synthetase C family protein/ -2.5 0.78
gene Lanthionine synthetase C-like protein/

Putative multidrug resistance protein B

Biosynthetic Lantibiotic dehydratase domain protein/ -2.9 0.2
gene Lantibiotic dehydratase/

multicopper oxidase, type 2

Biosynthetic None/ -1.0 1
gene FxLD family lantipeptide/

Copper transporter

Biosynthetic Methyltranferase/ -9.2 1.61E-
gene protein-L-isoaspartate(D-aspartate) 08
methyltransferase/

protein-L-isoaspartate O-methyltransferase
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Cluster No. 2 (Siderophore)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change
Biosynthetic Decarboxylase, pyridoxal-dependent/ -2.6 1
gene Amino acid decarboxylase pyridoxal-dependent
protein/

Glutamate decarboxylase

Biosynthetic Lysine/ornithine N-monooxygenase/ -2.1 1
gene Monooxygenase family protein/

Mercuric reductase MerA

Biosynthetic Putative siderophore biosynthesis protein/ 1.31 3.41E-
gene Acetyltransferase/ 06

Sensor protein IrlS

Biosynthetic None/ -24.1 0.55
gene Siderophore biosynthesis protein, lucA/lucC
family/

Ferrous-iron efflux pump FieF

Biosynthetic Asparagine synthase/ -1.2 1
gene Glutamine--fructose-6-phosphate

aminotransferase/

Putative enoyl-(acyl-carrier-protein) reductase I

D) @GNS DD e e
Cluster No. 3 (Terpene)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change
Biosynthetic Aminotransferase class-Ill/ -5.6 1
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gene 4-aminobutyrate aminotransferase/

Type 11 methyltransferase

Biosynthetic Cytochrome P450/ 1 1
gene Cytochrome P450 hydroxylase/

Tellurite resistance protein

Biosynthetic Peptide deformylase/ -1.3 1
gene Peptide deformylase/

No hits
Biosynthetic Terpene Synthase/ -1.2 1
gene Multidrug MFS transporter/

modC gene product

Biosynthetic Cytochrome P450/ -1.2 1
gene Cytochrome P450/

cadmium-transporting ATPase

Regulatory AraC family transcriptional regulator/ 1.8 0.7
gene AraC family transcriptional regulator/

Multiple antibiotic resistance protein MarA

Regulatory GntR family transcriptional regulator/ 1.1 1
gene GntR family transcriptional regulator/

Transcriptional repressor CopY

- G{PD NP e iy ehe e
Cluster No. 4 (Terpene)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change

Transport- Drug resistance transporter, EmrB/QacA/ -1.2 1

related gene Efflux | putative transport protein/

Antiseptic resistance protein

Regulatory MarR family/ MarR family/ MarR family -1.1 1
gene

Regulatory AsnC family/ AsnC family /unnamed protein 2 1
gene product

280



Regulatory MerR family/ MerR family/ MerR family 10.8 0.54
gene
Biosynthetic Cytochrome p450/ -3.3 1
gene Cytochrome p450/

Fe(3+)-pyochelin receptor
Biosynthetic No hits/ 2.5 0.0009
gene squalene-hopene cyclase/

glycerol uptake facilitator protein
Biosynthetic Polyprenyle synthetase/ 4.3 0.005
gene polyprenyle synthetase /

apolipoprotein N-acyltransferase
Biosynthetic Acetyl-CoA carboxylase/ methylmalonyl-CoA 1.1 1
gene carboxyltransferase/ magnesium and cobalt

efflux protein CorC
Biosynthetic Alkaline serine protease/ peptidase/ Copper- 1.1 1

gene

transporting P-type ATPase

B4 BHE0 D HEEID D GENGEDE 1/ IBEN D40 ) { I DHE D

Cluster No. 5 (Otherks)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change

Biosynthetic Cytochrome p450/ Cytochrome p450/ Fe(3+)- -3.3 1

gene pyochelin receptor

Regulatory MarR family/ MarR family/ MarR family -1.1 1

gene

Regulatory AsnC family/ AsnC family /Junnamed protein 2 1

gene product

Regulatory MerR family/ MerR family/ MerR family 10.8 0.54

gene

Biosynthetic Cytochrome p450/ Cytochrome p450/ Fe(3+)- -3.3 1

gene

pyochelin receptor
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Biosynthetic No hits/ squalene-hopene cyclase/ glycerol 2.5 0.0009
gene uptake facilitator protein
Biosynthetic Polyprenyle synthetase/ polyprenyle synthetase | 4.3 0.005
gene /apolipoprotein N-acyltransferase
Transport- Drug resistance transporter, EmrB/QacA/ -1.2 1
related gene Efflux | putative transport protein/

Antiseptic resistance protein
Biosynthetic Alkaline serine protease/ peptidase/ Copper- 1.1 1

gene

transporting P-type ATPase

HE40ERk¢EHEMmME e . e I D HHEE O

Cluster No. 6 (Otherks)

Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value
change

Biosynthetic Alpha-glucosidase / -1.2 1
gene Alpha-glucosidase/

Multicopper oxidase family
Transport- ABC transporter permease protein/ 13 0.67
related gene ABC transporter permease/

molybdate ABC transporter
Biosynthetic Sugar-binding lipoprotein/ 2.5 0.2
gene Sugar ABC transporter substrate-binding protein/

Multidrug resistance protein
Regulatory Lacl family/ -1 1
gene Lacl family/

Copper transporter MctB
Biosynthetic Beta-ketoacyl synthase -3.1 0.45
gene type | polyketide synthase

Nickel-cobalt-cadmium resistance protein
Biosynthetic Reductase SDR -1.24 1

gene

type | polyketide synthase

heavy metal translocating P-type ATPase
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Biosynthetic Malonyl CoA-acyl carrier protein transacylase 4.5 1
gene type | polyketide synthase

unnamed protein produc
Biosynthetic Acyl-CoA dehydrogenase -5.9 1
gene Acyl-CoA dehydrogenase

SoxR family transcriptional regulator
Biosynthetic Alkaline serine protease 1.27 1
gene serine protease

iron dependent repressor
Biosynthetic Nitrilase 1.3 1
gene NAD+ synthase

apolipoprotein N-acyltransferase
Biosynthetic Oxidoreductase -1 1
gene Oxidoreductase

cation transport ATPase
Regulatory TetR family -1.2 1
gene TetR family

TetR family
Biosynthetic Aldo/keto reductase -1.5
gene Aldo/keto reductase

multicopper oxidase type 2
Regulatory SARP family -1.6 1
gene Tetratricopeptide repeat protein

Putative cation efflux system protein
(G eEbehoEn e EdeE > e D et
Cluster No. 7 (Terpene)
Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Biosynthetic Pullulanase type I/ 2.1 1
gene malto-oligosyltrehalose trehalohydrolase/

NADPH-dependent ferric-chelate reductase
Biosynthetic Methionine aminopeptidase/ 1.7 1
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gene peptidase M24/

copper resistance protein A
Regulatory Terpene synthase/ -2.8 0.18
gene Geosmin synthase/

Aconitate hydratase
Regulatory TetR family/ -1.3 1
gene TetR family/

TetR family
Biosynthetic No hits/ -5.9 1
gene A-factor biosynthesis protein/

Phosphate transport system permease protein
Regulatory TetR family/ 1.2 1
gene TetR family/

TetR family
Biosynthetic Alkaline serine protease/ 1.2 1
gene Protease/

Multicopper oxidase family protein

Cluster No. 8 (Bacteriocin)

G g b

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- Drug resistance transporter (EmrB/QacA)/ 5.2 0.3
related gene efflux| putative transmembrane efflux
protein/
multidrug efflux pump SmfY
Biosynthetic Alpha/beta hydrolase fold protein/ 1.4 1
gene Alpha/beta hydrolase fold protein /
Efflux pump protein FarA
Other gene No hits/ 2.9 0.6
Hypothetical protein/
Nickel transport permease system
Other gene No hits/ 27.9 0.49
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Hypothetical protein/

LysR famil

Other gene

No hits/
Hypothetical protein/

Mutidrug resistance protein MdtA

2.6

0.5

Other gene

No hits/
Hypothetical protein/

Mutidrug resistance protein PmpM

2.8

Other gene

No hits/
RiPP maturation radical SAM protein/

Arsenical pump-driving ATPase

11.5

Other gene

No hits/
RiPP maturation radical SAM protein/

Outer membrane protein Oprm

13

0.00014

Biosynthetic

gene

Radical SAM domain protein
Radical SAM domain protein

CopA family copper resistance protein

4.8

1.3E-06

Other gene

No hits/
No hits/

ABC transporter

0.9

Other gene

No hits/
Hypothetical protein/

Copper homeostasis protein CutC

15.1

0.7

Other gene

No hits/
Hypothetical protein/

Putative cation efflux system protein

8.4

1.95E-56

Other gene

No hits/
Hypothetical protein/

Multidrug resistance protein

7.4

2.46E-13

Other gene

No hits/
No hits/

Multidrug resistance protein

3.1

Biosynthetic

Lantibiotic dehydratase/

13.3

0.02
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gene Lanthionine biosynthesis protein/
Lead uptake protein PbrT
Other gene No hitis/ 8

Lanthionine biosynthesis protein/

Na+ driven multidrug efflux pump

Cluster No. 9 (Bacteriocin)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- ABC transporter/ -5.6 1
related gene ABC transporter/

Zinc ABC transporter ATP binding protein
Biosynthetic No hits/ -9.3 0.3
gene Endonuclease/

copper resistance protein CopC
Biosynthetic No hits/ -1.9 1
gene Protease/

Copper oxidase
d@GEd (D N seetiaaca die DHaEDEDNaD
Cluster No. 10 (Otherks-t1pks)
Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Regulatory Sensor histidine kinase/ -15.3 0.8
gene Sensor histidine kinase/

heavy metal sensor signal transduction

histidine kinase
Regulatory Response regulator/ 8 1
gene DNA-binding response regulator/

Heavy metal response regulator
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Biosynthetic Alkaline serine protease/ -1.6 1
gene peptidase S8/

MerA
Regulatory SARP family/ 1 1
gene LuxR family

Putative multidrug resistance protein
Biosynthetic O-methyltranferase/ 1.2 1
gene hypothetical protein/

methyltransferase type 11
Biosynthetic 2-isopropylmalate synthase/ 4.5 1
gene 4-hydroxy-2-oxovalerate aldolase/

arsenical resistance protein ArsH
Biosynthetic Aminotransferase/ -5.9 1
gene Aminotransferase/

Methionine gamma-lyase
Biosynthetic Malonyl CoA-acyl carrier protein transacylase/ | 4.7 0.2
gene type | polyketide synthase/

Quaternary ammonium compound-resistanc
Biosynthetic Beta-keto synthase/ 3.2 0.6
gene type | polyketide synthase/

putative multidrug resistance efflux protein
Biosynthetic Short chain dehydrogenase/ 3.8 0.7
gene acyl transferase domain protein/

zntA gene product
Biosynthetic Beta-ketoacyl synthase/ 2.3 0.5
gene type | polyketide synthase/

Multidrug efflux pump SmfY
Transport- Drug resistance transporter (EmrB/QacA)/ 2 0.9
related gene multidrug efflux | putative transporter/

multidrug resistance membrane translocase
Regulatory MarR family/ -1.2 1
gene MarR family/

MarR family
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Cluster No. 11 (Otherks-t2pks)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Biosynthetic 1-deoxy-D-xylose-5-phosphate synthase/ 1.1 1
gene alpha-ketoglutarate decarboxylase/

copper-translocating P-type ATPase
Biosynthetic Monooxygenase FAD binding/ -10.1 1
gene Oxygenase/

unnamed protein product
Transport- Drug resistance transporter (EmrB/QacA)/ 1.7 0.8
related gene multidrug efflux (EmrB/QacA subfamily)/

multidrug resistance protein
Biosynthetic Cyclase/ dehydrase -5.6 1
gene Cyclase/

chaperone protein DnaK
Biosynthetic AMP-dependent synthatase and ligase/ -1.2 1
gene Hypothetical protein/

Extracellular tungstate binding protein
Biosynthetic Malonyl CoA-acyl carrier protein transacylase/ | 4.5 1
gene polyketide synthase/

Molybdenum ABC transporter, ATP-binding

protein
Biosynthetic 3-oxoacyl/ 1 1
gene 3-oxoacyl-ACP synthase/

mercuric reductase
Regulatory SARP family/ 33.1 0.18
gene hypothetical protein/

Response regulator arlR
Biosynthetic Beta-ketoacyl synthase/ -5.6 1
gene Beta-ketoacyl synthase/

Multicopper oxidase type 2
Regulatory PadR family/ -1.4 1
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gene

PadrR family/

Methyltransferase

Biosynthetic

gene

Crotonyl-CoA reductase
alcohol dehydrogenase/

type 11 methyltransferase

-1.4

BRENE DeN ¢ (b @ PE (DD bhE@on caaEm

Cluster No. 12 (Butyrolactone-otherks)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold p-value
change

Biosynthetic carnitine dehydratase/ 8.7 1
gene carnitine dehydratase/

Zinc transporter
Biosynthetic No hits/ 1 1
gene Hypothetical protein/

RND multidrug efflux transporter
Regulatory Isoprenylcysteine carboxyl methyltransferase/ -10 1
gene Hypothetical protein

Heavy metal translocating P-type ATPase
Biosynthetic Carbamoyl phosphate synthase/ -5.3 1
gene aminodeoxychorismate/anthranilate synthase

component I/

Heavy metal translocating P-type ATPase
Regulatory serine/threonine protein kinase/ -1.4 1
gene serine/threonine protein kinase/

copB-like protein

Cluster No. 13 (Terpene)

Gene type

Description (antiSMASH/ NCBI / BacMet)

Fold change

p-value

Biosynthetic

No hits/

6.1

0.57
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gene

Hypothetical protein/

Putative membrane fusion protein

Biosynthetic Cytochrome P450/ 8 1
gene Steroid C27-monooxygenase/

copper-exporting ATPase
Biosynthetic Acetyl-CoA acetyltransferase/ 1 1
gene Acetyl-CoA acetyltransferase/

Copper-exporting ATPase
Regulatory Serine/threonine protein kinase/ 2.2 1
gene Serine/threonine protein kinase/

Apolipoprotein N-acyltransferase
Transport- ABC(binding protein) transporter/ 1 1

related gene

ABC(binding protein) transporter/

Multidrug resistance protein MdtB

EHHE DD @ D) 0NN HEDERE HEMD

Cluster No. 14 (Nrps)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Regulatory IcIR family/ -1.9 1
gene Hypothetical protein/

Integral membrane protei
Biosynthetic Oxidoreductase/ -1.1 1
gene LLM class F420-dependent oxidoreductase/

Putative Ferritin protein
Biosynthetic Methyltransferase/ -2.4 0.5
gene 3' terminal RNA ribose 2'-O-methyltransferase

Henl

Heavy metal translocating P-type ATPase
Biosynthetic Condensation domain containing protein/ -1.6 1
gene Hypothetical protein/

chromate transporter
Biosynthetic AMP-dependent synthetase and ligase/ -1.8 1
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gene

non-ribosomal peptide synthetase/

protein-l-isoaspartate o-methyltransferase

Biosynthetic Beta-lactamase/ -1.2 1
gene Hypothetical protein/

Copper homeostasis protein CutC
Biosynthetic ornithine carbamoyltransferase/ -5.6 1
gene ornithine carbamoyltransferase/

cation-transporting ATPase, p-type
Transport- Major facilitator transporter/ -1.2 1
related genes Efflux| putative multidrug resistance protein

Major facilitator superfamily protein
Biosynthetic Dioxygenase TauD/TfdA/ 2 1
gene Hypothetical protein/

Putative sensor histidine kinase
Regulatory LuxR family/ 33 1
gene Hypothetical protein/

Sensor histidine kinase PmrB
Regulatory LysR family/ -1 1
gene LysR family/

Activator of hydrogen peroxide-inducible genes
Biosynthetic Aminotransferase class v/ -1 1

gene

cysteine desulfurase/

Methionine gamma-lyase

Cluster No. 15 (Siderophore)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- Maijor facilitator transporter gene/ 2.1 1
related gene Multidrug efflux| putative transporter/

Multidrug resistance protein
Regulatory ArsR family/ 4.5 1
gene Transcriptional regulator/
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ArsR family

Biosynthetic No hits/ 1 1
gene Iron transporter/

Iron transport er
Biosynthetic No hits/ 2.1 1
gene Siderophore biosynthesis protein, lucA/lucC

family/

MexX
Regulatory Serine/threonine protein kinase/ 3.8 0.22
gene Serine/threonine protein kinase/

Arsenical pump membrane protein

MU DEDRNC D N RO BIBDEEE) DHERDa e

Cluster No. 16 (Nrps)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- ABC transporter ATP-binding protein/ 1 1
related gene ABC transporter ATP-binding protein/

ABC transporter ATP-binding protein
Biosynthetic Aminotransferase class-Il/ -1.2 1
gene Aspartate aminotransferase family protein/

Membrane fusion protein MtrC
Biosynthetic AsnC family/ -1.2 1
gene AsnC family/

Multidrug resistance protein MdtA
Biosynthetic Aldehyde dehydrogenase/ 1.3 1
gene gamma-aminobutyraldehyde dehydrogenase/

Probable multidrug resistance protein
Biosynthetic Sugar-binding lipoprotein/ -14.8 1
gene ABC transporter substrate-binding protein/

Multidrug resistance protein A
Biosynthetic Beta-lactamase/ -4.8 0.75

gene

Beta-lactamase/
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Putative alkylmercury lyase
Regulatory RNA polymerase sigma factor/ -10.2 1
gene RNA polymerase sigma factor/
RNA polymerase sigma factor cnrH
Biosynthetic AMP-dependent synthetase & ligase/ -5.9 1
gene Non-ribosomal peptide synthetase/
Copper/silver efflux system membrane fusion
protein CusB
Biosynthetic Aminotransferase/ -2.2 1
gene Hypothetical protein/
Methionine gamma-lyase
Biosynthetic Tryptophan halogenase/ -1.5 1
gene Tryptophan halogenase/
Inner membrane protein VmeB
Biosynthetic Flavine reductase/ 1 1
gene Oxidase/
High-affinity nickel transport protein
Biosynthetic Metallo-beta lactamase/ -13.8 1
gene MBL fold metallo-hydrolase/
Membrane fusion protein MexC
R N4 (CGEeE OaEEe D e
Cluster No. 17 (Siderophore)
Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Biosynthetic AMP-dependent synthetase & ligase/ 1.7 1
gene Long-chain-fatty-acid--CoA ligase/
Multidrug resistance protein MdtK
Regulatory TetR family/ -2.8 1
gene TetR family/
TetR family
Biosynthetic Putative siderophore biosynthesis protein/ -6.1 1
gene N-acetyltransferase/
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Efflux pump membrane transporter BepE

Biosynthetic No hits/ 4.5 1
gene Iron transporter/

ATPase P
Biosynthetic Aminotransferase class-Ill/ 1.12 1

gene

2,4-diaminobutyrate 4-aminotransferase/

Heavy metal translocating P-type ATPase

M EEEaH ByHaaedaea e o e e e

Cluster No. 18 (Nrps)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Regulatory IcIR family/ 1.7 0.38
gene IcIR family/

IcIR family
Regulatory MerR family/ 2 1
gene MerR family/

MerR family
Biosynthetic Hydrolase/ -1.3 1
gene Hydrolase/

Probable cobalt/nickel-exporting P-typ
Biosynthetic Condensation domain-containing protein/ 1.9 0.11
gene Non-ribosomal peptide synthetase/

Mercury operon coregulator protein
Biosynthetic AMP-dependent synthetase & ligase/ 1.4 1
gene Non-ribosomal peptide synthetase/

zinc/manganese/iron ABC transporter
Biosynthetic Acyl-CoA dehydrogenase/ -2.2 1
gene Hypothetical protein/

Nickel-cobalt-cadmium resistance protein
Regulatory LuxR family/ -1.6 0.68
gene LuxR family/

LuxR family
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Regulatory MarR family/ -3.3 0.4
gene MarR family/

MarR family
Regulatory GntR family/ -10.2 0.5
gene GntR family/

GntR family
dEGdEddnEee HHEDEEEl 0D e D iHeehe (e
Cluster No. 19 (Other)
Gene type Description (antiSMASH/NCBI/BacMet) Fold p-value

change

Biosynthetic Alcohol dehydrogenase/ -5.6 1
gene Alcohol dehydrogenase/

putative methyltransferase
Biosynthetic Pyridine nucleotide-disulfide oxidoreductase/ -10 1
gene FAD-dependent oxidoreductase/

Mercuric reductase
Biosynthetic Aldo/keto reductase / -1.6 1
gene Aldo/keto reductase/

Heavy metal sensor signal transduction
Biosynthetic Acetylornithine deacetylase/ 1.2 1
gene Hypothetical protein/

Heavy metal-translocating P-type ATPase
Regulatory GntR family/ 2 0.35
gene GntR family/

GntR family
Biosynthetic Phenylalanine- specific permeas/ -17.7 0.97
gene Amino acid permease/

Amino acid permease-associated region
Biosynthetic Crotonyl CoA reductase/ -5.6 1
gene Alcohol dehydrogenase

Putative inner membrane protein
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Cluster No. 20 (Bacteriocin)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Transport- Major facilitator transporter/ 5.6 0.06
related gene Efflux | putative multidrug resistance protein/
Maijor facilitator superfamily permease
Other gene No hits/ 1.4 1
Peptidase S9/
Copper
Other gene No hits/ 3.2 0.4
S9 family peptidase/
Copper resistance B precursor
Other gene No hits/ 8.3 8.28E-09
hypothetical protein OV320_ 2954/
No hits
Biosynthetic Radical SAM domain protein/ 3.4 0.004
gene RiPP maturation radical SAM protein 1/
Copper-translocating P-type ATPase
Other gene No hits/ 4.5 1
RiPP maturation radical SAM protein/
Multidrug resistance protein MdtO
Other gene No hits/ 2 1
Hypothetical protein/
Protein KlaC
Biosynthetic 3-hydroxyisobutyrate dehydrogenase/ 14 1
gene NADP oxidoreductase/
Putative enoyl
Regulatory TetR family/ 11.5 1
gene TetR family/
TetR family
Other gene No hits/ 7.7 1
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XRE family transcriptional regulator/

No hits

Other gene

No hits/
Transcriptional regulator

Heavy metal translocating P-type ATPase

5.1

0.56

Other gene

No hits/
Hypothetical protein/

CzrB protein

4.5

Biosynthetic

gene

Short chain dehydrogenase/
Short chain dehydrogenase/

enoyl-reductase

3.2

Cluster No. 21 (Melanin)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Biosynthetic GTP-binding protein LepA/ -1.7 1
gene ATP-binding protein/
Nickel and cobalt resistance protein CnrA
Biosynthetic No hits/ 1 1
gene Tyrosinase co-factor/
NcrC OS=Serratia marcescens
Biosynthetic Glycosyl transferase group / 4.5 1

gene

Glycosyl transferase/

Multicopper oxidase

Cluster No. 22 (Ectoine)

Gene type

Description (antiSMASH/ NCBI / BacMet)

Fold change

p-value

Transport-

related gene

Polar amino acid ABC transporter/
ABC transporter permease protein /

ABC transporter

-1.7

0.43
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Biosynthetic Glutamine-binding lipoprotein/ -3.3 0.005
gene ABC transporter substrate-binding protein/

Multidrug efflux pump subunit AcrA

Biosynthetic Aminotransferase class v/ 1 1
gene Aspartate aminotransferase/

Methyl viologen resistance protein

Biosynthetic N-acetyl transferase/ -1.2 1
gene Diaminobutyrate acetyltransferase/

Diamine N-acetyltransferase

Biosynthetic Aminotransferase class v/ -1.8 1
gene Aminotransferase class v/

Methionine gamma-lyase

Cluster No. 23 (Terpene)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold p-
change value
Biosynthetic gene Dehydrogenase/ 1.1 1
Dehydrogenase/

zinc/cadmium/mercury/lead-transporting

ATPase
Transport-related ABC transporter ATP binding protein/ -1.1 1
gene ABC transporter ATP-binding component/

ABC transporter related protein

Biosynthetic gene No hits/ -1.1 1
Squalene synthase HpnC

Multidrug resistance protein MdtO

Biosynthetic gene No hits/ 2.4 0.32
Squalene synthase HpnC/

Iron-dependent repressor DtxR

Biosynthetic gene Dehydrogenase -2.2 1

Dehydrogenase
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Enoyl-[acyl-carrier-protein]

Regulatory gene

GntR family
Transcriptional regulator MntR

GntR family

16.9

Transport-related

gene

Sodium:dicarboxylate symporter
DAACS|2.A.23 proton/sodium

Putative multidrug resistance protein

-1.2

Regulatory gene

TetR family
TetR family

Lead, cadmium, zinc and mercury-transporter

27.1

0.38
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Cluster No. 24 (Other)

Gene type Description (NCBI / BacMet) Fold change | p-value
Biosynthetic PfkB domain protein/ -1.4 0.8
gene 1-phosphofructokinase /

Heavy metal translocating P ATPase
Biosynthetic Sugar-binding lipoprotein -2.3 1.12
gene ACB transporter substrate-binding protein /

Heavy metal translocating P ATPase
Regulatory LuxR family/ 1.5 0.37
gene LuxR family /

EvgA positive
Biosynthetic Alkyl hydroperoxide reductase/ 4.5 1
gene Alkyl hydroperoxide reductase /

Molybdenum ABC Transporter periplasmic

binding-protein
Biosynthetic Methyltransferase/ -1.2 1
gene Type 11 methyltransferase /

Methyltransferase
Other gene Heavy metal translocating P ATPase/ 8.7 0.5

Heavy metal translocating P ATPase /
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Heavy metal translocating P ATPase

Other gene Heavy metal translocating P ATPase/ 1 1

Heavy metal translocating P ATPase /

Heavy metal translocating P ATPase
Biosynthetic No hits/ -1.2 1
gene Hypothetical protein /

Hypothetical protein
Regulatory MerR family/ -10 0.51
gene MerR family /

MerR family
Regulatory ArsR famil/ -1.2 1
gene ArsR family /

ArsR family
Biosynthetic No hits/ 1.6 0.42
gene Trans-aconitate methyletransferase /

Arsenite S-adenosylmethyl transferase
Regulatory TetR family -1.4 0.41
gene TetR family /

TetR family
Biosynthetic Glucose-1-phosphate adenylyl/ -1.7 0.07
gene Glucosamine-phosphate acetyletransferase /

Heavy metal translocating P ATPase/
Regulatory Histidine kinase/ -1.3 0.5
gene Histidine kinase/

Cation transporting ATAPase

QDERHHD HDA NEHNMOED ({(EEEN DD ID 14 D

Cluster No. 25 (Nrps)

Gene type Description (antiSMASH/ NCBI / BacMet) Fold p-value
change
Regulatory gene | AraC family/ -2.4 1
AraC family/
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AraC family

Regulatory gene | MarR family/ -5.3 1
MarR family/
MarR family
Regulatory TetR family/ -1.3 1
gene TetR family/
TetR family
Biosynthetic No hits/ 4.5 1
gene non-ribosomal peptide synthetase 4/
multidrug resistance protein D
Biosynthetic Beta-lactamase/ -4.2 0.8
gene Serine hydrolase/
Superoxide dismutase [Fe]
Regulatory gene | TetR family/ 1.2 1
TetR family/
TetR family
Biosynthetic Alcohol dehydrogenase/ 1.5 1
gene Mycothiol dehydrogenase/
Arsenite S-adenosylmethyltransferase
Biosynthetic Metallo-beta-lactamase/ 1 1
gene Metallo-beta-lactamase/
Unnamed protein product
Biosynthetic Short-chain dehydrogenase/ 1.4 1
gene Type | polyketide synthase/
Heavy metal translocating P-type ATPase
Biosynthetic Phosphpantetheine-binding domain-containing 2 1
gene protein/
Non-ribosomal peptide synthetase/
Heavy metal translocating P-type ATPase
Transport- Inner-membrane translocator/ 2.9 0.96
related gene Sugar ABC transporter permease protein/
Methyl viologen resistance protein
Transport- ABC transporter/ -1.68 0.54
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related gene

Sugar ABC transporter permease protein/

Phosphate transport ATP-binding protein

Biosynthetic 3-hydroxyisobutyrate dehydrogenase/ 1.77 0.23
gene 6-phosphogluconate dehydrogenase/

Heavy metal translocating P-type ATPase
Biosynthetic Condensation domain-containing protein/ 1 1

gene

Non-ribosomal peptide synthetase/

multidrug resistance efflux pump

@D (0 BE M4 BGEDKE P EEH T -

Cluster No. 26 (Nrps)

gene

Hypothetical protein IQ63_08835/

Gene type Description (antiSMASH/ NCBI / BacMet) Fold change | p-value
Biosynthetic Aldehyde dehydrogenase/ -1.2 1
gene Malonate-semialdehyde dehydrogenase/
Cadmium-translocating P-type ATPase
Biosynthetic Acetyl-CoA carboxylase/ 1.76 1.05E-05
gene Methylmalonyl-CoA carboxyltransferase/
Putative multicopper oxidase
Regulatory Lacl family/ 1.2 1
gene Lacl family/
Lacl family
Regulatory MarR family/ 1.4 1
gene MarR family/
MarR family
Biosynthetic Methyltransferase/ 11.6 1
gene Methyltransferase/
Arsenite S-adenosylmethyltransferase
Biosynthetic Condensation domain-containing protein/ 1 1
gene Non-ribosomal peptide synthetase/
ABC transporter
Biosynthetic Beta-ketoacyl synthase/ -1.9 0.55
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Mercuric reductase

Biosynthetic Methltransferase/ -1.69
gene SAM-dependent methyltransferase/

Methyltransferase type 11
Biosynthetic AMP-dependent synthetase and ligase/ -5.6
gene Non-ribosomal peptide synthetase/

heavy metal translocating p-type ATPase
Biosynthetic No hits/ -1

gene

Type | polyketide synthase/

Efflux transporter
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Appendix D

Conferences and workshops attendance

April 2014, Society for General Microbiology (SGM) annual meeting

conference, Liverpool, UK

September 2014, Society for General Microbiology (SGM) focus meeting-
Emerging challenges & opportunities in soil microbiology, Loughborough

University, UK

November 2014, Grand Challenges & Microbiology policy workshop,
Glasgow, UK

March 2015, Society for General Microbiology (SGM) annual meeting

conference, Birmingham, UK

April 2015, Microbial genetic analysis workshop-life technologies,

Birmingham, UK

August 2015, 9t" European Conference on Marine Natural Products,

Glasgow, UK

March 2016, Society for General Microbiology (SGM) annual meeting

conference, Liverpool, UK

August 2017, Glasgow Microbiology Collective Event, Glasgow, UK
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Training courses and Summer Schools

Bioinformatics Training course on Molecular Phylogenetics (10-12
December 2014), School of the Biological Sciences & Bioinformatics,

University of Cambridge, UK

Bioinformatics Training course on Jalview program for multiple sequence
alignment editing, visualisation and analysis (15" December 2014),

University College London (UCL), UK

Bioinformatics Training course on Next Generation Sequencing (NGS)
Data Analysis (17-19 December 2014), School of the Biological Sciences &

Bioinformatics, University of Cambridge, UK
Ensembl Genome Browser (14" April 2015), University of Glasgow, UK

Sampling, Isolation and Cultivation of Marine Microorganisms (12-24 July
2015), MaCuMBA Summer School, Royal Netherlands Institute for Sea

Research, Texel, The Netherlands

Molecular Phylogenetics (25" January 2016), Centre for Genome-

Enabled Biology and Medicine, University of Aberdeen, UK

RNA Sequencing and Differential Expression (1t February, 2016), Centre

for Genome-Enabled Biology and Medicine, University of Aberdeen, UK

Multiple Sequence Alignment and Analysis with Jalview (14" October,

2016), University of Strathclyde, UK
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