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Chapter 1 — Introduction

1.1 Antimicrobial resistance

1.1.1 The golden age of antimicrobial discovery

In 1935, Sir Alexander Fleming gifted a sample of Penicillium notatum to his friend and
colleague at St. Mary’s Hospital, Douglas Macleod (Figure 1.1). This was a generous gift
indeed as seven years previously, a chance event led to his discovery of penicillin from this
strain (Fleming, 1944) (Gaynes, 2017), heralding the golden age of antimicrobials (Julian
Davies, 2006). Despite this era of discovery, rampant misuse and overzealous prescription of
these drugs has caused myriad issues (Ramachandran et al., 2019). In fact, the United States
collectively prescribed 22 doses of antibiotics per person in 2010 (Ventola, 2015). Following
the 1960’s, the frequency of antimicrobial metabolite discovery fell rapidly as rediscovery of
known products from traditional screening methods became ever more frequent (Jones et al.,
2017). The period between 1983 and 2007 saw a 75% decrease in FDA-approved
antimicrobials (Boucher et al., 2009) and only two new classes of antimicrobials have reached

the market since 1962 (Coates, Halls, & Hu, 2011).

Figure 1.1 — A sample of penicillium mould. Sample of Penicillium notatum gifted from Sir Alexander

Fleming to his colleague Douglas Macleod from St Mary’s Hospital in London in 1935 (SMG, 1997).
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1.1.2 Early antimicrobial discovery methods

This golden age of antimicrobial discovery, between the 1940s and 1960s, yielded the vast
majority of antimicrobial metabolites through manual screening of natural sources, such as
soil Actinomycetota (Valiquette & Laupland, 2015). These discoveries were facilitated by an
antimicrobial discovery pipeline pioneered by Selman Waksman, first outlined in the Albert
Schatz-led paper describing streptomycin (Schatz, Bugle, & Waksman, 1944). The pipeline
was beautifully simple — soil-derived Actinomycetota were screened for antimicrobial activity
against susceptible test organisms by measuring zones of inhibition on overlay plates,
mimicking the accidental discovery of penicillin in a very deliberate sense (Lewis, 2013)

(Fleming, 1944).

The story of the pipeline development and its aftermath is as dramatic as the effect it had on
the field. Selman Waksman had success isolating both actinomycin and streptothricin, but the
metabolites were too toxic to be used by humans. In 1943 his student, the aforementioned
Albert Schatz, observed that two strains of Streptomyces griseus (then known as Actinomyces
griseus) inhibited many Gram-negative organisms, as well as Mycobacterium tuberculosis. A
patent for streptomycin was then granted to both Schatz and Waksman, however the latter
bullied the former into signing over his share to Rutgers University whilst deceiving him by
stating that he had already done so. Yet Waksman had not and struck a deal with Rutgers to
receive 20% of net royalties. Schatz attempted to sue but Waksman effectively halted his
career and diminished Schatz contributions to the discovery of streptomycin and as such,

Waksman was the sole recipient of the resultant Nobel Prize (Rawlins, 2012) (Pringle, 2012).

1.1.3 Antimicrobial resistance

In 1940, five years before penicillin was available over the counter in the US, penicillin

resistance was identified when it was reported that an E. coli strain could cause its inactivation
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by producing penicillinase (Abraham & Chain, 1940) (Figure 1.2). Antimicrobial Resistance
(AMR) and the emergence of Multi-Drug Resistant (MDR) bacteria has since become one of
the largest threats to human health (Llor & Bjerrum, 2014) (Klemm, Wong, & Dougan, 2018).
In India alone, in excess of 58,000 infant deaths per year are associated with MDR
microorganisms (Barker, Brown, Ahsan, Sengupta, & Safdar, 2017). Indeed, the much-quoted
O’Neill report published in 2016 attributed 700,000 deaths per year worldwide to AMR (O’Neill,
2016) however a recent study found that in 2019, 1.27 million deaths were directly attributable

to bacterial AMR (Murray et al., 2022) - a staggering increase of 81% in three years.

AMR has spread via diverse means. In the developing world, conventional treatment
processes are only utilised for 8 to 28% of wastewater, resulting in a high level of antibiotic
resistance genes making their way into natural bodies of water (Hazra, Joshi, Williams, &
Watts, 2022). This environmental issue is compounded by overuse in sectors such as the food
industry, with around 80% of all antibiotics sold in the US used in animal agriculture to promote
growth and prevent disease (Martin, Thottathil, & Newman, 2015). This is exemplified by mcr-
3, the gene that confers transferable colistin resistance. It was first identified in China and has
now spread globally through the international trading of contaminated pork (Xu et al., 2018)
(Y. Y. Liu et al., 2016). A lack of waste control in the food industry has also been found to
cause the spread of AMR genes. A recent study concluded that the displacement of the cmy-
2 gene in E. coliby CTX-M-15 (a similar gene which confers cephalosporin resistance) is likely

occurring ex vivo in the excreted urine of Washington State dairy cattle (Avillan et al., 2022).

In terms of human health, Methicillin-resistant Staphylococcus aureus (MRSA) has emerged
as a major World Health Organisation (WHO) target pathogen. MRSA was identified in 1961
(Figure 1.2) and has been the cause of 11,285 deaths per annum in the US alone - more than
AIDS, Parkinson’s disease, emphysema and homicide combined (Llor & Bjerrum, 2014)
(Ventola, 2015). The Actinomycetota-derived last-resort antibiotic vancomycin, first isolated

from Amycolatopsis orientalis (McCormick, McGuire, Pittenger, Pittenger, & Stark, 1955), is
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the last defence against multi-drug resistant MRSA (Ventola, 2015) but vancomycin resistance
in enterococci was observed in the mid-80’s and the first vancomycin-resistant S. aureus
isolate was detected in 2002 (Chang et al., 2003) (Figure 1.2). Misuse of therapy with last
resort antibiotics has led to reduced effectiveness of these drugs (Woudt et al., 2017), such
as the development of carbapenem resistance in several species of the pneumonia-causing
Acinetobacter (Ventola, 2015). Increases in population displacement and refugee movement
has also contributed to the increase in AMR. Incidences of tuberculosis occurring in North
America and western Europe, where cases of the disease are minimal, is directly correlated
to the influx of displaced populations from tuberculosis-hyperendemic regions (MacPherson
et al., 2009). Transmission of these MDR strains among refugee populations is oftentimes
facilitated by substandard housing, hygiene and healthcare infrastructures in origin countries
as these groups are often displaced as a result of civil war, as well as factors such as extremely
poor hygiene on ftrips to their destination (Maltezou, Theodoridou, & Daikos, 2017). For
example, in an international study of AMR strains of Salmonella typhae, it was found that in
South Asia, S. typhae with high level fluoroquinolone resistance have been frequently
displacing strains with fewer mutations before spreading globally (da Silva et al., 2022).
Interestingly, with increasingly fewer ways to stem the tide of AMR and MDR organisms, we

must turn to another bacterial phylum - Actinomycetota.
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Figure 1.2 — Timeline by decade of clinical implementation of antibiotic classes.

This includes the date of the first reports of drug resistant strains of methicillin-resistant S. aureus
(MRSA), vancomycin-resistant enterococci (VRE), vancomycin-resistant S. aureus (VRSA) and
plasmid-borne colistin resistance in Enterobacteriaceae (Matthew |. Hutchings, Andrew W. Truman, &

Barrie Wilkinson, 2019).
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1.2 Actinomycetota

1.2.1 Actinomycetota

Actinomycetota is a one of the largest and most diverse phyla within the Bacteria domain,
comprising of over 250 genera including Streptomyces, Micromonospora, Bifidobacterium and
Pseudonocardia (Ludwig et al., 2012). The phylum consists of Gram-positive bacteria with
high G+C DNA content which ranges from 51% in corynebacteria genomes to upwards of 70%
in the genomes of the plant commensal Frankia sp. (Ventura et al., 2007). Actinomycetota
also exhibit diverse morphological properties, with Arthrobacter sp. able to undergo a change
from rods, which predominate in young cultures, to cocci in late-stage batch cultures (Mulder
& Antheunisse, 1963). The name ‘Actinomycete’ is derived from the Greek word meaning ‘ray
fungus’ due to their ability to form a mycelium consisting of hyphae that are morphologically
similar to filamentous fungi, which may yield spores (Procopio, Silva, Martins, Azevedo, &
Araujo, 2012) (Wiliams, 1990). Actinomycetota genomes encode a high level of biosynthetic
diversity, with over 17,000 Gene Cluster Families (GCFs) detected in a study of 1,185,995
biosynthetic gene clusters (Gauvriilidou et al., 2022). As a consequence of this biosynthetic
diversity, Actinomycetota are prolific producers of antimicrobial specialised metabolites.
Members of this phylum produce 64% of all known natural product antibiotic classes (Matthew
I. Hutchings et al., 2019) with over 80% of all known antibiotics originating from Actinomycetota

species (Barka et al., 2016). Of particular interest in this regard is the genus Streptomyces.

1.2.2 Streptomyces

Streptomycetaceae, a family of Gram-positive bacteria within the Actinomycetota phylum, was
initially described upon the isolation of Streptomyces griseus (A. Schatz & Waksman, 1945).
Streptomyces is the largest genus in terms of number of species within the family

Streptomycetaceae. A recent study used a molecular clock to estimate that Streptomyces is
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around 380 million years old — as ancient as the early land vertebrates (McDonald & Currie,
2017). Regarding clinical medicine, this genus is a key source of important metabolites,
accounting for 39% of all microbial metabolites (Bérdy, 2012) and two thirds of all clinically
relevant specialised metabolites (Yague, Lopez-Garcia, Rioseras, Sanchez, & Manteca,
2013). The first three antibiotics isolated from Actinomycetota were in fact all isolated from
strains of Streptomyces: actinomycin from the aptly named Streptomyces antibioticus (Selman
A. Waksman & Woodruff, 1940), streptothricin from Streptomyces lavendulae (S. A. Waksman
& Woodruff, 1942) and streptomycin from Streptomyces griseus (Albert Schatz & Waksman,
1944). Perhaps these strains are so well studied in part due to their ability to survive in diverse

and often hostile ecosystems, which is testament to their unique growth cycle.

1.2.3 Streptomyces life cycle

The Streptomyces life cycle is unusual for bacteria as it facilitates cell survival through the
formation of spores (Chater, 2016). The formation of aerial hyphae and early cell differentiation
events are tightly controlled by bld genes (Elliot, Bibb, Buttner, & Leskiw, 2001), called as such
because their deletion results in a bald mutant devoid of aerial hyphae (Pope, Green, &
Westpheling, 1996). On the other hand, another class of life cycle regulatory genes, whi,
control the maturation of spores from spore chains and as a result, whi mutants lack spore
pigment (Kelemen et al., 1998). Interestingly, in recent studies cyclic-di-GMP has been
observed interacting with both the transcription factors of bld and whi genes and therefore
controlling spore development and differentiation (McLean et al., 2019). The cycle begins with
the germination of spores, which develop a compartmentalised mycelium (Manteca & Yague,
2018). The germination process varies between species of Streptomyces with a few
undergoing rapid and almost universal germination, others germinate slowly with more
complex germination behaviour and a higher number of spores that do not germinate at all
(Bobek, Smidova, & Cihak, 2017). Some of the cells in the early substrate mycelium undergo

a round of programmed cell death. The vegetative hyphal stage follows, with occasional cross-
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walling dividing the hyphae, making Streptomyces a rare multi-cellular prokaryote (van Wezel
& McDowall, 2011). Streptomyces vegetative hyphae grow by tip extension, where cell wall
components are added to the tips of apical cells as opposed to the system employed by most
bacteria where growth is achieved via extension of the lateral cell wall (Jakimowicz & van
Wezel, 2012). When essential nutrients are depleted, the remaining segments begin to grow
as a multinucleated mycelium known as late substrate mycelium. This form then undergoes a
second round of programmed cell death, differentiating into aerial hyphae where spore chains
which become dispersed, thus beginning a new cycle (Figure 1.3) (Barka et al., 2016)
(Manteca & Yague, 2018). It is worth noting that the cycle differs when Streptomyces sp. are
grown in liquid cultures. After early-stage mycelial growth, pellets form, with programmed cell
death taking place in the core of the pellets and late-stage mycelium forming on the periphery

(Figure 1.4) (Manteca & Yague, 2018).

Actinomycetota spore morphology is diverse, and they can form chains or single cells on the
substrate mycelium, aerial mycelium, or both. For example, Micromonospora and
Thermoactinomyces spores form on the substrate mycelium directly. In contrast,
Streptomyces spores grow from aerial mycelium. In some instances, sporangia or flagella are
formed. Naming conventions can also be incredibly literal, as in Spirilospora which has spores
that develop in a spiral confirmation, or Ampullariella with its spores developing in ampules
connected to aerial hyphae (Figure 1.5) (Barka et al., 2016). Spore dispersal can be facilitated
in many ways. Odours containing geosmin and 2-MIB, metabolites emitted by Streptomyces
with synthesis under direct control of sporulation specific transcription factors, attract the
model springtail Folsomia candida by inducing an electrophysiological response in its
antennae. The Streptomyces colonies are then consumed by F. candida which spreads spores
via faecal pellets (Becher et al., 2020). Streptomyces spores are also capable of utilizing the
motility machinery of other soil bacteria for transportation to favoured niches such as plant
roots, as evidenced by their adherence to the flagella of the motile Bacillus subtilis (Alise R.

Muok, Dennis Claessen, & Ariane Briegel, 2021).
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1.3 Streptomyces specialised metabolism

1.3.1 Streptomyces primary metabolism

Bacterial natural products can be categorised as primary or specialised metabolites (Nwokeji,
Enodiana, Ezenweani, Osasere, & Abiola, 2016), with a recent shift in nomenclature altering
‘secondary’ to ‘specialised’ to emphasise the biological and ecological importance of their
products (Chevrette et al., 2020). Primary metabolism is essential for survival in organisms
such as bacteria, and encompasses processes such as respiration and aspects of carbon and
nitrogen metabolism (Singh, Kumar, Mittal, & Mehta, 2017). Primary metabolites include
monomers of macromolecules such as amino acids and nucleotides, vitamins and acids such
as citric acid and acetic acid (Sanchez & Demain, 2008). However, from a drug discovery

perspective, the more complex specialised metabolism is more compelling.

1.3.2 Streptomyces specialised metabolism

Specialised metabolism involves the production of metabolites which, whilst not essential for
growth, confer an adaptational advantage by enabling interactions with the producer’s
ecological niche (Demain & Fang, 2000) (van Wezel & McDowall, 2011). It is believed that the
majority of specialised metabolites, such as actinorhodin from S. coelicolor A3(2) (Gramaijo,
Takano, & Bibb, 1993), are produced during the stationary phase of growth as a response to
nutrient depletion in media (Cihak et al., 2017) or upon the formation of pellets within liquid
culture (Yague et al., 2013). On the unusual linear chromosome of Streptomyces, genes
considered to be required for viability, i.e., primary metabolism, tend to be clustered in the
chromosome core, close to the origin of replication (oriC) whilst the diverse and more species-
specific genes relating to specialised metabolism are often located on flanking chromosomal

arms (Bentley et al., 2002). In S. coelicolor the core region containing essential genes was
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approximately 4.9 Mbp in length, whilst the ‘left arm’ was 1.5 Mbp and the ’right arm’ was 2.3
Mbp (Bentley et al., 2002). In a recent study, it was observed that in 320,263 genes laterally
acquired by Streptomyces, specialised metabolite gene clusters are overrepresented in lateral
gene transfer events (McDonald & Currie, 2017), further enforcing that these sections of the

genome are disposable.

1.3.3 Biosynthetic gene clusters

Genes involved in the biosynthesis of specialised metabolites are often clustered in a single,
coregulated genomic region known as a Biosynthetic Gene Cluster (BGC) (Cimermancic et
al., 2014), which can be described as a physical grouping of genes which encode enzymes
responsible for specialised metabolite biosynthesis (Medema et al., 2015). BGC expression is
often subject to stringent regulation and in some cases, as with the regulation of actinorhodin
in S. coelicolor by Actll-ORF4, a single regulatory gene controls the production of the antibiotic
(Gramaijo et al., 1993). In terms of size, Streptomyces BGCs vary widely. Towards the lower
end of the scale are the likes of the cremeomycin BGC in Streptomyces cremeus NRRL3241
at only 18 kilobase pairs (kbp) (Waldman, Pechersky, Wang, Wang, & Balskus, 2015) and the
goadsporin BGC in Streptomyces sp. TP-A0584, at only 14 kbp (Haginaka et al., 2014). On
the other side of the scale, the chaxamycin BGC in Streptomyces leewenhoekii heterologously
expressed in S. coelicolor at 80.2 kbp (Castro et al., 2015). Regardless of size, there are some

common architectural features.

BGCs often have a highly modular structure (Del Carratore et al., 2019) with observations
involving larger BGCs, such as everninomicin, indicating that they evolve via smaller sub-
clusters merging together (Medema, Cimermancic, Sali, Takano, & Fischbach, 2014). As well
as enzymes responsible for specialised metabolite production, BGCs may contain pathway-
specific genes as the entire cluster is often regulated by pathway-specific transcription factors

where the coding gene may be found within the cluster itself (Keller, Turner, & Bennett, 2005).
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One important clue which may tell us about metabolite production is the presence of resistance
genes within the cluster to prevent suicide (P. N. Tran, M. R. Yen, C. Y. Chiang, H. C. Lin, &
P. Y. Chen, 2019) and modification enzymes and transporters to facilitate the produced
specialised metabolite leaving the cell (Graham-Taylor, Kamphuis, & Derbyshire, 2020). The
diversity of gene function within BGCs is illustrated in the minimal formicamycin BGC, which
contains 24 genes, including genes for three methyltransferases, multidrug resistance proteins
and ion exchangers (Devine et al., 2021). If we are to isolate and study the products of BGCs,

activity must be elicited.

1.3.4 Elicitation of cryptic or silent BGCs

The advent of genome sequencing technology has illustrated that on average Streptomyces
species possess large genomes, encoding between 20 and 50 specialised metabolite BGCs
whilst it is estimated that only around 3% of the specialised metabolites encoded within
bacterial genomes have been characterised experimentally (Gavriilidou et al., 2022). This
indicates that the majority of BGCs are either cryptic or silent (Z. Liu, Zhao, Huang, & Luo,
2021). These terms are often incorrectly assumed to be interchangeable. If a BGC is
expressed but the product cannot be observed, the product is cryptic; if the BGC remains
unexpressed it is considered to be silent; if the BGC is unidentified and its product can be
observed, the biosynthesis of the product is cryptic; a truly cryptic natural product is
unobserved and produced from an unidentified BGC (Hoskisson & Seipke, 2020). This issue

must be overcome using elicitation.

Strategies have been employed to elicit specialised metabolite production from these cryptic
or silent BGCs. One of the more common methods is to employ the One Strain Many
Compounds (OSMAC) approach, building on the idea that one bacterial strain is capable of
producing many structurally diverse metabolites depending on culture conditions (Bode,

Bethe, Hofs, & Zeeck, 2002). As such, controlling culture conditions makes it possible to
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target, or optimise the production of, specific specialised metabolites. OSMAC has been used
to prioritise the production of many unknown natural products from Actinomycetota. After
identifying homologues of various lassopeptide precursor and immunity proteins using
genome mining in Burkholderia thailandensis E264, a novel lassopeptide named capistruin
(Figure 1.6) was successfully isolated using OSMAC to tailor the target media and optimise
its production (Knappe et al., 2008). OSMAC was also recently used to maximise chemical
production from Streptomyces 26D9-414, resulting in the identification of the discovery of two
novel cytotoxic cyclodipeptides (D. Zhang et al., 2022). However, OSMAC is not the only

method of eliciting specialised metabolite production.

capistruin

Figure 1.6 — Capistruin structure. The structure of the novel lassopeptide capistruin in solution shown
in stereoview (left) and coloured by elements with the macrolactam ring highlighted (right) (Knappe et

al., 2008).

A further method for elicitation is to attempt to imitate the complex natural environment through
coculture techniques (Zarins-Tutt et al., 2016). Diffusible signalling molecules of low molecular
mass are secreted by one cell and received by another, resulting in chemical elicitation (Baral,
Akhgari, & Metsa-Ketela, 2018) but such interactions do not occur in standard laboratory

conditions where strains are grown in isolation. In coculture with Streptomyces coelicolor
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A3(2), production of the siderophore myxochelin was enhanced in Myxococcus xanthus
leading to M. xanthus dominating iron scavenging and triggering iron restriction in S. coelicolor
A3(2). These conditions caused the activation of the actinorhodin pathway and a novel
actinorhodin export system in S. coelicolor A3(2) (Lee et al., 2020). Similar iron restriction
conditions increased the expression of 21 specialised metabolite BGCs in other Streptomyces
species (Lee et al., 2020). In a study linking a bioactivity-targeted approach coupled with
coculture, antibacterial activity against Bacillus subtilis was induced in two Streptomyces
isolates from soil when cocultured with the fungus Schizophyllum commune (Nicault et al.,

2021).

1.4 Specialised metabolite classes

1.4.1 Polyketide Synthases (PKS)

Streptomyces sp. produce many classes of medically and industrially important natural
products. Polyketide Synthases (PKS) are one of the most important BGC classes and
polyketide natural products boast a remarkable range of structural and functional diversity
(Staunton & Weissman, 2001). PKSs biosynthesise polyketides from short acyl-CoA units
(Salo et al., 2016) (H. Chen & Du, 2016) and most can be grouped into three types based on
the architecture of their biosynthetic machinery. These are Type |, Type Il and Type Il (B.
Wang, Guo, Huang, & Zhao, 2020) with each type harbouring additional variants, such as the
noniterative Type | PKS where each module lacks the acyltransferase domain (Cheng,

Coughlin, Lim, & Shen, 2009).

Type | PKSs (T1PKS) are minimally comprised of the three domains required to catalyse one
chain extension cycle - acetyltransferase (AT), keto synthase (KS) and acyl carrier protein
(ACP) domains - as well as a subset of reducing domains working as a modular assembly line
(Sabatini et al., 2018). Each individual module is grouped into one of two classes - cis-AT,

where each module contains all three of the essential PKS domains (AT, KS, ACP) and trans-
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AT, where a free-standing AT (often shared with other modules) transacylates an extender
unit onto the ACP domain (Helfrich & Piel, 2016). The peptide modules are then joined via
intermodular linkers (Gokhale, Tsuji, Cane, & Khosla, 1999). In cases where the PKS spans
several polypeptides, noncovalent interactions link docking domains between modules
(Broadhurst, Nietlispach, Wheatcroft, Leadlay, & Weissman, 2003). In the specific case of
genes involved in the production of the erythromycin precursor 6-deoxyerythronolide B (6-
dEB), the cluster is split into six modules across three Open Reading Frames (ORFs). Each
OREF consists of two modules and codes for a large multienzyme polypeptide of around 350

kDa (Staunton & Weissman, 2001).

Interestingly, Actinomycetota are the only known group of organisms that utilise Type Il PKS
systems for the biosynthesis of polyketides (Hertweck, Luzhetskyy, Rebets, & Bechthold,
2007). Type Il PKSs (T2PKS) differ from T1PKS with each protein existing separately,
transiently interacting as opposed to forming a large megaenzyme and primarily coding for the
production of aromatic polyketides (Sattely, Fischbach, & Walsh, 2008). A set of three
enzymes has been found in all characterised T2PKS systems so far. The minimal T2PKS
consists of two ketosynthase units (KS, and KSg) and an ACP unit to anchor the chain of
polyketides and generally these genes are architecturally grouped together in a KS./KSp/ACP
formation (Shen, 2000). Condensation of an acyl starter unit with malonyl-CoA extender units
is catalysed by the minimal T2PKS unit. The KS, subunit catalyses the formation of C-C bonds,
whilst the KSg subunit is involved in loading malonyl-CoA and generating acetyl KS from the
decarboxylation of ACP (Bisang et al., 1999). The KSg subunit is also determines of the length
of the final carbon chain and as such it has been named CLF, or Chain Length Factor (R

McDaniel, Ebert-Khosla, Fu, Hopwood, & Khosla, 1994).

Type lll PKS (T3PKS) are structurally simpler than T1PKS and T2PKS, consisting of

homodimers formed by self-contained enzymes (D. Yu, Xu, Zeng, & Zhan, 2012). In bacteria,
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T3PKS catalyse the decarboxylation and condensation of malonyl-CoA molecules to form an
intermediate poly-pB-ketomethylene intermediate molecule, which in turn undergoes
subsequent decarboxylation, cyclisation and dehydration (Kalaitzis, Hamano, Nilsen, &
Moore, 2003). When Bentley et al. sequenced the S. coelicolor A3(2) genome, three ORFs
coding for putative T3PKSs were observed. Two of these T3PKS were not linked to any known
S. coelicolor A3(2) metabolites (Bentley et al., 2002). It has since been reported that one of

those T3PKS, known as Gcs, is required for germicidin biosynthesis (Song et al., 2006).

Polyketides are a diverse group of specialised metabolites spanning useful antibiotics to
harmful carcinogens. One such antibiotic is geldanamycin (Figure 1.7 a), which was initially
purified from Streptomyces hygroscopicus broth in 1970 (DeBoer, Meulman, Wnuk, &
Peterson, 1970) and binds to members of the protein family Hsp90 (Ochel, Eichhorn, &
Gademann, 2001). The Hsp90 family are chaperone proteins that are overproduced in many
human cancers, which has heightened interest in geldanamycin and its analogues for potential
anti-cancer treatment (Neckers, 2002) (Rascher et al., 2003) (Shin et al., 2008). The blue-
pigmented actinorhodin is a further example of a PKS antibiotic produced by Streptomyces
coelicolor A3(2) and first linked to a T2PKS in 1984 (Malpartida & Hopwood, 1984). PKSs are
not exclusive to Actinomycetota, but were also described amongst fungal species such as
Aspergillus secreting a host of polyketides (Sarma, Bhetaria, Devi, & Varma, 2017), such as
the carcinogenic Aflatoxin B1 produced by Aspergillus sp. fungi (Figure 1.7 b) (Rushing &

Selim, 2019) (Ehrlich & Cotty, 2002).
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Figure 1.7 — Polyketide structure and biosynthesis. (a) and (b) show the structures of geldanamycin

and aflatoxin B1 respectively.

1.4.2 Nonribosomal Peptide Synthetases (NRPS)

Nonribosomal Peptide Synthetases (NRPS) are a further example of an important BGC group,
which encode nonribosomal peptides. NRPS are incredibly diverse, which can be attributed
to both its ability to incorporate a wide range of monomers and extensive peptide modifications
which occur during and post-chain assembly (Izoré et al., 2021). As well as the prevalence of
NRPS in bacteria, they have also been reported in archaea and eukaryotes (Martinez-Nufez
& Lopez, 2016). Each single module harbours several catalytic domains, with each one
responsible for the incorporation of a single residue. The activated amino acid is attached
covalently to an integrated carrier protein domain and the substrate and intermediate
molecules are transported to catalytic domains for peptide bond formation or modification. The
biosynthesized peptide is transported to a terminal thioesterase domain which catalyses the

release of the product (Miller & Gulick, 2016).

Actinomycin D (Figure 1.8 a) is an important example of an NRPS, as it was the first antibiotic
isolated from Actinomycetota by Salman Waksman and H. Boyd Woodruff in 1940 (Selman

A. Waksman & Woodruff, 1940) and the first antibiotic with anti-cancer activity (Hollstein,
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1974). Actinomycin D was shown to inhibit RNA synthesis and induce apoptosis in cell lines
such as PANC-1 (Kleeff, Kornmann, Sawhney, & Korc, 2000). Actinomycin D has also been
shown to inhibit cell proliferation and induce apoptosis in MG63 human osteosarcoma cells,
which cause malignant bone tumours (Lu et al., 2015). Vancomycin further illustrates the
importance of NRPS antibiotics (Figure 1.8 b), and was first isolated from sediment collected
from Borneo (Geraci, Heilman, Nichols, Wellman, & Ross, 1956). Initially overlooked because
of its toxic effects, vancomycin is now considered to be a ‘last resort’ antibiotic with the rise of
pseudomembranous enterocolitis and methicillin-resistant Staphylococcus aureus prompting
a resurgence in its use (Levine, 2006). The vancomycin mechanism of action differs from most
antibiotics as it binds to the cell envelope rather than a protein target, and thus it was
considered unsusceptible to resistance. However, complex resistance mechanisms have now
emerged and are found widely in pathogenic bacteria (Stogios & Savchenko, 2020) potentially

creating serious downstream issues and adding further fuel to the global AMR crisis.

b)

Figure 1.8 — NRP structures. (a) the structure of actinomycin D, the first antibiotic isolated from
Actinomycetota in 1940 (Selman A. Waksman & Woodruff, 1940) and (b) vancomycin, commonly

acknowledged as a last resort antibiotic.
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1.4.3 Terpenes

Terpenes are a class of natural product commonly produced by fungi, plants and other
eukaryotic organisms, fulfiling diverse roles such as attracting pollinators or repelling
predators (Cimmino, Andolfi, & Evidente, 2014). Terpene biosynthesis follows a different logic
to that of polyketide or non-ribosomal peptide synthesis {Helfrich, 2019 #504}. The main
building blocks for terpene biosynthesis are made up of the subunits a, 8, vy, d, € and ¢ and
are: Trans-isoprenoid diphosphates produced from Cs isoprene precursors via aa and ad
head-to-tail trans-prenyl transferases; these diphosphates are then converted into the tri- or
tetra-terpene sterol precursors by € head-to-head prenyl transferases; the a, aff and afy
terpene synthases for plant terpene production; By di- and tri-terpene synthases, and finally
the ¢ head-to-tail cis-prenyl transferases which produce the cis-isoprenoid diphosphates for

cell wall biosynthesis in bacteria {Oldfield, 2012 #503}.

A number of bacterial terpene synthase BGCs have been well characterised (Y. Yamada et
al., 2015). Based on a training set of 140 previously identified bacterial terpene synthase
BGCs, mining of 8.7 million bacterial proteins from public databases has revealed 262 putative
terpene synthase BGCs. This illustrates that terpene synthases are widely distributed in
bacteria. The group were also able to isolate and determine the complete structures of 13
novel terpenes through heterologous expression, using an engineered biosynthetically inert
S. avermitilis as host (Figure 1.9) (Y. Yamada et al., 2015). It has been reported that fungi
acquired terpene synthase genes, such as Metarhizium sp. and Ophiocordyceps sp., a
common phylogenetic ancestor was shared with Streptomyces sp., Pseudomonas sp. and

Burkholderia sp. (Jia et al., 2019), from bacteria via horizontal gene transfer.

Geosmin (Figure 1.10 a) is a terpene commonly produced by Streptomyces species. First

isolated from a Streptomyces griseus fermentation broth, it is responsible for the earthy odour

that emanates from soil (Gerber & Lechevalier, 1965). In S. coelicolor A3(2), the geosmin

30



metabolite is generated from farnesyl diphosphate by an enzyme encoded by the gene
SC06073 (Jiang, He, & Cane, 2006) with the N-terminal half of the protein catalysing Mg®*-
dependent cyclisation of farnesyl diphosphate to germacradienol and the C-terminal half
catalysing the Mg**-dependent conversion of the germacradienol molecule to geosmin (Jiang,
He, & Cane, 2007). Sesquiterpenes are a subclass of terpene that consists of three isoprene
units which tend to contains C15 in their molecular structures (F. Yu & Utsumi, 2009) and
counts albaflavenone (Figure 1.10 b) in its numbers, initially isolated from the highly odorous

Streptomyces albidoflavus (Gurtler et al., 1994).

hydropyrene  hydropyrenol  isoelisabethatriene B clavulatriene A clavulatriene B
prenyl-B-elemene prenylgermacrene B isohirsut-1-ene isohirsut-4-ene
cyclooctat-7(8),10(14)-diene tsukubadiene odyverdiene A odyverdiene B

Figure 1.9 — Novel terpenes isolated through heterologous expression in S. avermitilis. The
structures of 13 newly identified sesquiterpenes and diterpenes derived from Streptomyces sp. and

heterologously expressed in S. avermitilis SUKA22 (Y. Yamada et al., 2015).
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Figure 1.10 — Terpene structure. (a) Geosmin structure, the metabolite responsible for the earthy

odour of soil and (b) albaflavenone, a sesquiterpene metabolite.

1.4.4 Ribosomally synthesised and Post-translationally modified Peptides (RiPPs)

Ribosomally synthesised and Post-translationally modified Peptides (RiPPs) are a diverse and
structurally complex class of BGCs. RiPP biosynthesis involves ribosomal synthesis of a
precursor peptide (consisting of a core peptide and leader peptide) which is modified by a
series of RiPP-tailoring enzymes post-translation, with a biologically active final product the
result of a final cleavage of the core peptide (Arnison et al., 2013). The peptide antibiotic
thioviridamide (Figure 1.11) (Izawa, Kawasaki, & Hayakawa, 2013) is one such example of a
RiPP, which was isolated from Streptomyces olivoriridis and its cryptic cytotoxic counterpart

neothioviridamide (Kawahara et al., 2018)

Due to the aforementioned complex nature of RiPP biosynthesis with component genes not
co-localised, it can often be difficult to characterise RiPP BGCs by way of commonly used
bioinformatic genome mining tools such as antiSMASH (Kloosterman, Medema, & van Wezel,

2021). With this in mind, there are specialist RiPP genome mining tools, such as RiPP
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Precursor Peptide Enhanced Recognition (RIPPER) which identifies RiPP precursor peptides
in close proximity to YcaO-domain proteins (Santos-Aberturas et al., 2019). RIPPER has been
successfully utilised to identify novel metabolites, such as the amidine-containing
streptamidine from S. albidoflavus J1074 (Russell & Truman, 2020). The discovery of this
novel antibiotic from S. albidoflavus J1074, a relatively well studied strain, highlights the
unexplored chemical space in which many RiPPs occupy.
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Figure 1.11 — Thioviridamide structure. The chemical structure of the RiPP thioviridamide isolated

from S. olivoriridis (Izawa et al., 2013).

1.4.5 Other classes of specialised metabolite produced by Streptomyces

Specialised metabolites biosynthesised by Streptomyces are of course not limited to the four
natural product chemical classes described (Alam et al., 2022). Thiopeptides, such as
geninthiocin A isolated from Streptomyces sp. RSF18, have shown potent antibiotic activity
against Gram positive bacteria (S. Li et al., 2019). Ectoine does not fall into any of the outlined
classes but is widely conserved among Streptomyces sp. as an osmolyte commonly

expressed under salt stress conditions (Galinski, Pfeiffer, & Truper, 1985) (Bursy et al., 2008).

One of the most important classes beyond those already outlined are the siderophores, iron-

chelators produced by microorganisms such as Streptomyces mostly growing under iron-
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deficient conditions. The expressed and excreted siderophore scavenges environmental iron,
forming a siderophore-iron complex which is taken up by the producer cell using a membrane-
associated ATP-dependant transport mechanism with high substrate specificity (Koster,
2001). Iron acquisition in these conditions results in a gain for the chelating bacterium and
ultimately deprives neighbouring competitors of an important nutrient (Terra, Ratcliffe, Castro,
Vicente, & Dyson, 2021). Desferrioxamine E is one such siderophore which is highly
conserved within Streptomyces sp. and has been identified as the major desferrioxamine
siderophore produced by the model organism S. coelicolor M145 (Barona-Gémez, Wong,
Giannakopulos, Derrick, & Challis, 2004). Siderophores such as desferrioxamine E may also
contribute to interactions between bacterial species. When produced by Streptomyces
griseus, desferrioxamine E was shown to stimulate growth and differentiation in Streptomyces
tanashiensis as well as stimulating specialised metabolite production and morphological
alterations in other Actinomycetota, activity which was abolished when the desferrioxamine E
BGC was disrupted in S. coelicolor A3(2) (Yamanaka et al., 2005). These results highlight the

importance of siderophores when it comes to many aspects of complex Streptomyces sp.

physiology.

ZT

OH

Figure 1.12 — Structures of geninthiocin A and ectoine. The chemical structures of a) the
thiopeptide geninthiocin A {Li, 2019 #437} and b) the highly conserved osmolyte ectoine {Galinski,

1985 #438}.
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1.5 Actinomycetota ecology

1.5.1 Actinomycetota in the environment

Streptomyces are extremely well adapted to the soil habitat, where they exist ubiquitously and
in concert with cohabiting organisms (Tarkka & Hampp, 2008) and represent between 1 and
20% of the total viable cell count (R. Kumar & Jadeja, 2016). In this environment,
Streptomyces sp. develop substrate mycelia consisting of numerous hyphae which grow via
tip extension and explore surroundings for nutrients by branching through the soil (Seipke,
Kaltenpoth, & Hutchings, 2012). The role of specialised metabolites within the natural
environment is thought to include chemical weaponry as one of potentially myriad functions,

yet is poorly understood (J. Davies & Davies, 2010).

Indeed in nature, Actinomycetota such as Streptomyces sp. are well known to form symbiotic
relationships with insects and plants. One of the most well-characterised are leaf-cutter ants
(Acromyrmex) (Kaltenpoth, 2009), which cultivate a fungus garden (Leucoagaricus
gonglyophorus) as a food source. The ants house antimicrobial-producing Actinomycetota on
their cuticles to protect the gardens from the invasive fungus Escovopsis sp. (Currie, Scott,
Summerbell, & Malloch, 1999). Furthermore, Streptomyces isolated from leaf-cutter ant
cuticles were shown to produce of the antibiotic valinomycin, which was distributed directly on
the integuments of Acromyrmex workers, strongly suggesting that this metabolite was actively
utilised by the ants as protection from bacterial pathogens (Schoenian et al., 2011). Similarly,
Haeder et al. observed that Streptomyces sp. Ao10, again isolated from leaf-cutter ants,
proved to be active against the Escovopsis fungal pathogen. The group were able to identify
candidacin macrolides and showed that they killed Escovopsis but did not inhibit the fungal
symbiont (Haeder, Wirth, Herz, & Spiteller, 2009). These results show how Actinomycetota
have co-evolved with environmental neighbours, forming integral symbioses which influence

many aspects of the leaf-cutter ant ecosystem.
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Figure 1.12 — Diverse roles of Actinomycetota natural products in the leaf-cutter ant ecosystem.
Actinomycetota such as Streptomyces sp. and Pseudonocardia sp. are involved in many aspects of the
leaf-cutter ant ecosystem, such as producing antibiotics to confer immunity, antifungals to protect food
sources, offering niche defence and by preserving the ant community, the symbiosis in turn helps the

larger global ecosystem (Behie, Bonet, Zacharia, McClung, & Traxler, 2017).
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1.5.2 Subinhibitory concentrations of antibiotics in nature

At subinhibitory concentrations, antibiotics have been found to elicit transcription activation,
suggesting roles beyond inhibition within the natural environment (Julian Davies, Spiegelman,
& Yim, 2006). The behaviour of Streptomyces sp. either producing or in response to
subinhibitory concentrations of antibiotics is the focus of ongoing study. In response to a
subinhibitory concentration of 8-O-methyltetrangomycin, produced by Streptomyces SBRK2,
the ability of Staphylococcus aureus ATCC 25923 to form biofilms was reduced and the cell
surface hydrophobicity index was increased (Jabila Mary, Kannan, Iniyan, Ramachandran, &
Prakash Vincent, 2021). At the opposite end of this scale, the Streptomyces-derived RiPP
antibiotic thiostrepton was found to stimulate biofilm formation in Pseudomonas aeruginosa
PAO1 and PA14, which possessed plasmids conferring resistance via tsr resistance genes
(Ranieri et al., 2019). It is clear that further investigations into the behaviour of Actinomycetota

in situ are necessary to elucidate the roles of antibiotics at subinhibitory concentrations.

1.5.3 Soil microcosm systems

Despite Streptomyces prevalence in soil, investigations into the genus’ behaviour in situ are
limited. It has been shown that a soil microcosm system is a viable alternative method of cell
culture. In one study, S. lividans and S. violaceolatus were inoculated to both sterile and non-
sterile soil microcosms. Transconjugants of both strains containing the self-transmissible,
high-copy number plasmid plJ673 were recovered indicating that the strains not only survived,
but were metabolically active (Wellington, Cresswell, & Saunders, 1990). The amendment of
soil using various carbon sources and/or chemical elicitors within a microcosm has been used
to analyse the inhibitory profiles of Streptomyces strains. Streptomyces were isolated from
both natural and carbon-amended soil and were cultured together in competition assays.
Isolates from natural soil primarily inhibited isolates from carbon-amended soil and in contrast,

isolates from carbon-amended soils primarily inhibited isolates from natural soils (Dundore-
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Arias, Felice, Dill-Macky, & Kinkel, 2019). The same team conducted a study evaluating the
relationship between carbon amendments within soil microcosms and Streptomyces
community characteristics. It was found that an increase in carbon amendments resulted in
significantly reduced soil pH which in turn was gave a decrease in total Streptomyces densities
in soil with both high and low levels of organic matter (Dundore-Arias, Castle, Felice, Dill-
Macky, & Kinkel, 2019). A further study of amended soil was conducted to measure the effects
of glucose and lignin amendments on the inhibitory behaviour of Streptomyces isolated from
prairie soil. It was found that isolates from soil microcosm communities amended with high
levels of glucose and lignin (250 g C/m?) were altogether more inhibitory to other Streptomyces
strains than isolates from communities amended with lower levels of both metabolites (100 g
C/m?) (Schlatter et al., 2009). The potential use of soil microcosm systems in laboratory culture
is clear and will be all the more fruitful when combined with multi-omics methods to interpret

the resultant data.

1.6 The dawn of microbial genomics

1.6.1 Introduction to genomics and its rise in microbioloqgy

The founding principle of ‘-omics’ approaches is that complex systems, such as the genome,
metabolome, and transcriptome, will be more thoroughly understood when individual datasets
are treated as part of a whole (R. Yamada, Okada, Wang, Basak, & Koyama, 2021). Genomics
was the first of these disciplines to become prevalent, and differs from genetics which tends
to encompass individual variants or single genes (Hasin, Seldin, & Lusis, 2017). Genomics
can be defined as being the study of the structure, function, evolution, and mapping of the full
repertoire of genes encoded for by the genome (Vailati-Riboni, Palombo, & Loor, 2017). The
term ‘genomics’ in relation to the field it is currently used to describe was suggested to

McKusick and colleagues by T.H. Roderick of the Jackson Laboratory in Maine as a name for
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their new journal detailing this developing discipline of mapping and sequencing. The word
itself is a hybrid of the word’s ‘gene’ and ‘chromosome’, with the parentage of both being
Greek (McKusick & Ruddle, 1987). The seed of the concept was planted early in the 20"
century, when Wilhelm Johannsen coined the term ‘gene’ to describe the physical unit that
ties with the genetic determinant of any inheritable trait in a given organism whilst at the same
time distinguishing the ‘genotype’ — the hereditary disposition of an organism, from the
‘phenotype’ — an organism’s physical characteristics that manifest as a consequence of said
dispositions (Peirson, 2012). From here, in 1920, Hans Winkler suggested that the complete
genetic make-up of any given organism should be referred to as the ‘genome’. However, it
took decades to determine both that DNA was the physical hereditary material and a further
decade to elucidate the double-helix structure in three dimensions, a point developed by
Watson and Crick based on facts regarding the structure determined by Rosalind Franklin, is
regarded as the event that accelerated the molecular biology era after its genesis in the 1930s

(Weissenbach, 2016).

1.6.2 Genome sequencing

RNA 