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Abstract

Microbial secondary metabolites have made a remarkable contribution to the
therapeutics on the market today, particularly in the development of new
antimicrobials. The majority of currently employed antimicrobial drugs are either
directly biosynthesised by microorganisms or based on the structures of microbial
metabolites. The discovery of the antibiotic penicillin in 1928 launched the golden age
of antimicrobials. Since that time, bioactive natural products have helped us double
our lifespans. They have greatly reduced the mortality and morbidity associated with
infectious diseases and revolutionised the pharmaceutical industry. Unfortunately,
the introduction of novel antimicrobial drugs into clinical practice has almost always
led to resistance to those drugs, which dramatically decreases the useful lifespans of

the drugs.

To address this challenge, researchers began to explore new sources for natural
product screening, from the traditional phenotypic screening of soil samples to other
ecological niches. The microbial assemblages in lichens have become increasingly
recognised as an underestimated repertoire of bioactive compounds. This study
examined the biosynthetic and chemical diversity of actinobacteria isolated from New

Zealand lichen samples using ‘dry lab’ and ‘wet lab’ approaches.

More than 500 actinobacteria were isolated during the course of this study, and an in-
house high-throughput NGS library preparation platform was developed to sequence
these isolates. Multidimensional analyses were then conducted to explore the
phylogenetic and functional divergence in our sequencing datasets. Eight biosynthetic
pathways mined from our datasets were cloned and/or refactored. These constructs
were then transferred to different heterologous expression hosts and screened for
the production of new metabolites using a python-assisted GNPS (Global Natural
Product Social Molecular Networking) platform that was developed as part of this
work. Four heterologous expression systems were identified as good leads and
subjected to further study, leading to the identification and characterisation of

chemical entities that have not previously been reported.



This thesis validated that the New Zealand lichens are a novel genetic and chemical
reservoir for natural product biosynthesis study. Analysis of over 300 genomes
reconstructed from lichen sourced isolates uncovered the phylogenetic divergence
and function novelty, shed light on biosynthetic dark matter, and provided a promising

direction for future study.
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Chapter 1 General Introduction

1.1 Using lichens as an alternative source for isolation of

actinomycetes

For decades, actinomycetes have served as one of the leading sources for discovering
new antibiotics.® Through conventional bioassay-guided isolation, a substantial
number of drugs have been successfully identified and introduced to the drug market
and are still in use today.’? A good example is the soil screening programme
conducted by Eli Lilly. This research programme screened over 200,000 strains and
discovered a few renowned marketed antibiotics, including vancomycin, daptomycin,
and erythromycin, via isolation and laboratory cultivation of their corresponding
actinomycetes producers.> Over time, bioprospecting the soil samples frequently
resulted in the rediscovery of natural products, suggesting scientists’ opportunities
had dwindled. Recent developments in bacterial natural product discovery converted
to some out-of-the-box approaches, including exploring alternative environmental
niches, for example, isolation of actinomycetes from mangrove*, deep sea’, bats® and

lichens’.

Lichens are self-supporting symbioses, share mutualistic partnerships between
heterotrophic mycobiont and autotrophic photobiont, and have internal bacterial
communities which have attracted considerable research interests.”® Several
systematic explorations of actinobacteria assemblages in lichens have uncovered the
taxonomic diversity and abundant biosynthetic potential in these microbial
communities, which have shed light on using lichens as an alternative source for
mining rare actinomycetes and their associated novel metabolites.”0-12
Actinomycetes isolated from lichens have been reported to produce new congeners
of biomedically relevant natural products. For example, skyllamycin D (Fig 1.1@),
identified from the New Zealand lichen Pseudocyphellaria dissimilis associated

Streptomyces anulatus VUW1, exhibited more potent bioactivity against Bacillus

subtilis E168 compared to previously reported skyllamycins congener (Fig 1.1@)).13 A
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streptomyces isolated from a British Columbia lichen Cladonia uncialis is the producing
strain of uncialamycin (Fig 1.1@). This enediyne antibiotic displayed broad-spectrum

bioactivity.'*

OH JOH
LI QP
0o Ny NH 0% o7 N NH

Fig 1.1 Compounds identified from lichen sourced actinomycetes.

Skyllamycin D (1) is a new congener of the previously reported skyllamycin A (), where the

corresponding B-keto group is reduced. Compounds bear enediyne moiety usually display very
potent antitumor activity. Uncialamycin (@) is an enediyne antibiotic isolated from lichen sourced
Streptomyces.

While New Zealand constitutes only 0.18% of the world’s landmass, it is home to
approximately 10% of the world’s lichen species.? In this study, actinomycetes from
New Zealand lichens were obtained and examined. Different data mining tools were
used to develop a systematic method to evaluate the abundance of taxonomic,
genomic, and/or metabolomic of New Zealand lichens sourced actinomycetes.
Molecular biology platforms were then applied to several biosynthetic gene clusters
selected from the big data analysis. We completed the initial investigation of the
biosynthetic dark matter hidden in the New Zealand lichen sourced actinomycetes by

combining the ’dry lab’ and 'wet lab’ approaches.

1.2 Bacterial NRPs and PKs

The majority of the BGCs (biosynthetic gene clusters) discussed and studied in this
work belong to the non-ribosomal peptide (NRP) and polyketide (PK) chemical classes.
These two classes are the source of some of the most important drugs currently used

in clinical practice, including Cortisporin-TC (Polymyxins E1 and E2, cyclic polypeptide),



Neosporin (Bacitracin, cyclic polypeptide), Adriamycin (Doxorubicin, anthracycline).*?

1.2.1 Bacterial NRPS

NRPs are assembled from mega-synthetases called non-ribosomal peptide
synthetases (NRPS) organised in a gene cluster. NRPS can be broken down into
modules, where each module is responsible for incorporating a specific amino acid
into the growing peptide chain (Fig 1.2a).1®* Modules can be further broken down into
discrete domains, each of which catalyses a single reaction. The core domains of NRP

biosynthesis are described below.

The first amino acid is selected and activated by the A (adenylation) domain with ATP
to form aminoacyl-AMP, which is then transferred to the adjacent T (thiolation)
domain (Fig 1.2b). The C (condensation) domain in the next module is involved with
peptide chain elongation, catalysing the formation of the amide bond between T1-
S~aal and downstream T2-S~aa2 (Fig 1.2c). The final module on the NRPS assembly
line usually contains a TE (thioesterase) domain, which has hydrolytic and/or
macrocyclisation activity and is responsible for the maturation and release of the
peptide chain (Fig 1.2a).'”'® Prior to NRPs biosynthesis, PPTase (4'-
phosphopantetheinyl transferase) is required to convert the T (thiolation) domain

from the inactive apo-form to the active holo-form.17*°

a
Al T1 c A2 T2 (o An  Tn TE
module
aa2
aal
b c
Al T1 Al T1

c A2 T2
| N
<aal aal aa2
'\_\‘__(_,_/

ATP

¥
aal-AMP,

Fig 1.2 Non-Ribosomal Peptide Synthesis
a.  Modular organisation of NRPS.
b.  Amino acid activated by the A domain is covalently bound to the T domain.
c. Peptide chain elongation catalysed by C domain
3



Additional tailoring processes can occur during and post NRP biosynthesis.
Complestatin (Fig 1.3@) is an extensively modified NRP, which incorporates non-
proteinogenic D-amino acids via an E (epimerisation) domain (Fig 1.3, gene and
chemical moiety coloured in green). Amino acids are methylated, halogenated via the
MT (methyltransferase) domain (Fig 1.3, gene and chemical moiety coloured in cyan)
and halogenase (Fig 1.3, gene and chemical moieties coloured in pink). Oxidative
crosslinks are formed by Cytochrome P450-like oxygenases (Fig 1.3, genes and

chemical moieties coloured in orange).1820

Other modifications, such as heterocyclisation through Cy (cyclisation) domain, and
further oxidation through Ox (oxidation) domain, or reduction through R (reduction)

domain on the heterocyclic ring, can be found on compounds such as vibriobactin (Fig

1.3(5)), epothilone (Fig 1.3(6)), pyochelin (Fig 1.3(7)).18
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Fig 1.3 Selected tailoring reactions in non-ribosomal peptide synthesis

Structural elements (on complestatin @) introduced here are colour coded to match the
corresponding genetic elements in the assembly line. Module three (M3) contains an epimerisation
domain (coloured in green) that catalyses the conversion from L- to D- amino acids. Module six
contains an N-methyl transferase domain (highlighted in cyan). Chlorines are introduced by a
halogenase (gene coloured in pink), and oxidative crosslinks are introduced by genes highlighted in
orange. Cy domain catalyses the cyclisation of threonine to form the oxazoline on vibriobactin ((5).
Ox domain mediates the thiazole formation on the epothilone (©). R domain catalyses the formation
of the thiazolidine ring on pyochelin (7).



1.2.2 Bacterial PKS

Polyketides are derived from acyl CoA precursors and are synthesised by polyketide
synthases (PKS). Similar to NRPSs, PKSs are organised into gene clusters that usually
contain all of the necessary genes for biosynthesis of a given compound, as well as
genes for exporting and conferring resistance. PKS can be categorised into three types

based on their mechanism and organisation.

T1PKS (Type 1 polyketide synthase) are modular polyketide synthases, where each

module typically governs the incorporation of two or more carbons into the final
polyketide skeleton. As with NRPs systems, modules are composed of discrete

domains, each with a specific catalytic activity.

Biosynthesis of T1PKS is typically initiated by a starting module that usually has an AT-
ACP module structure (Fig 1.4). Various acyl groups can be linked to ACP in the starting
module by the AT (acyltransferase). Like the biosynthesis of DEB (6-
deoxyerythronolide B, Fig 1.4), propionyl CoA is introduced to the assembly line by
the starting module (Fig 1.4). The starter unit is transferred from the ACP domain to
the first KS1 domain catalysed by KS1 (ketosynthase), and the extender unit methyl
malonyl CoA is incorporated into the ACP1 domain via the AT1 domain. The Claisen-
type C-C bond is formed between the ACP1-tethered methyl malonyl CoA and the KS1-
bound propionyl CoA, resulting in a free KS1 domain and a growing polyketide chain
bound to ACP1. Each elongation module is followed by this cycle. The ketone groups
can be further modified via optional domains such as KR (ketoreductase), DH
(dehydratase), and ER (enoyl-reductase). The KR domain in module 2 reduces the B-
ketone group introduced by module 1 to a B-hydroxy group. In module 4, the KR
domain reduces the B-keto group incorporated through module 3 to a B-hydroxy
group, the DH domain catalyses the a, B-unsaturated bond formation through a
dehydration reaction, and this a-B-double-bond is further reduced to a single bond by
the ER domain. Finally, the TE domain adjacent to module 6 releases and cyclises the

final product from the pathway via lactonisation (Fig 1.4).17:21-23



AT can also act as one or more standalone proteins (termed trans-AT) rather than

presenting on every module as a domain.?*

Unlike the noniterative modular T1PKS, iterative T1PKS, previously mainly found in
fungi, utilises the same elongation monomodule repeatedly during chain length
elongation. A recent study reveals the potential wide distribution of iterative T1PKS
BGCs in streptomycetes.?>2°

ER

KR1 KR DH KR KR
ATACPKS1AT1 Ac:ipms AT ~ACP )»KS AT ACP KS AT ACP) ). KS AT Ac@

j\OH

Fig 1.4 Biosynthesis of DEB ((8))

DEB is derived from one propionyl-CoA and six methylmalonyl-CoA. Optional tailoring domains can
be found in modules 1,2,4,5, and 6. TE domain hydrolyses and cyclises the polyketide chain. DEB
structure is colour coded to match the corresponding introducing modules on the assembly line.



T2PKS (Type Il polyketide synthase) are iterative biosynthetic systems in which a

single set of enzymatic domains catalyses repeated decarboxylative condensation of
extender units, usually malonyl-CoA, to yield a linear B-ketone chain. The nascent B-
ketone chain is then subjected to reduction, cyclisation, aromatisation, and
subsequent derivatisations to yield a vast array of polyaromatic compounds.
Biosynthesis of aromatic polyketides begins with the priming of the starter unit onto
an ACP, which is usually accomplished by an AT. The starter unit is transferred to and
decarboxylated by the ketosynthase complex (KSa/B). The complex then catalyses the
formation of Claisen-type C-C bonds with the incoming extender unit (usually
malonyl-ACP) iteratively. The minimal PKS system (ACP and KSa/B heterodimer)
generates poly-B-ketone backbones, and it is generally believed that the catalysation
cycles (backbone length, n) are controlled by chain length factor (CLF, KSB). The
nascent chain is then reduced by KR and cyclised by CYCs (cyclases/aromatases).
Subsequent post-modification processes such as oxidation, glycosylation, and
methylation give rise to the diverse structures of type Il polyketides.?628 The
polyaromatic compounds can be subtyped based on the backbone length and

cyclisation pattern (Fig 1.5a).

Typical ACP-independent T3PKS (type lll polyketide synthases) use homodimeric

synthases that act directly on the acyl CoA substrates, catalysing the condensation

reaction iteratively (Fig 1.5b).2%2%:30
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Fig 1.5 T2PKS and T3PKS

a. T2PKS biosynthesis is an iterative process that relies on the minimal PKS system (ACP and KSa/B
heterodimer)

b. The biosynthesis of phloroglucinol (@) is mediated by a T3PKS PhID.



1.3 Genome mining

Many natural secondary metabolites are encoded by a group of genes clustered on a
particular genome locus termed BGC (biosynthetic gene cluster).3! Genome mining is
the process of discovering natural products by first identifying the BGCs that direct
their production.?? There are a variety of different genome mining approaches that
have found successful applications in modern natural product discovery, and
innovations in this space are continuing to grow. The following section outlines the

key enabling technologies as well as fundamental approaches in genome mining.

1.3.1 Genome sequencing and assembly

Preparing NGS (Next-Generation Sequencing) libraries is vital to the success of NGS.
Different methods/kits are available to meet various needs. A common method for
library preparation is tagmentation-based (Fig 1.6®Ieft), in which the template
(genomic DNA in this study) is randomly sheared via Tn5 transposons.33 The adapters
that contain complementary sequences to the flow cell and unique index sequences
(also known as barcodes) are added to both ends of fragmented DNA. The fragments
are enriched using PCR before being applied to the flow cell (Fig 1.6@Ieft). Once
bound to the flow cell, each fragment is then amplified to a clonal population through
the bridge amplification PCR procedure (cluster generation, Fig 1.6@Ieft). Four
fluorescent-tagged, reversible terminator—bound dNTPs are incorporated and bound
to the DNA template strand via natural complementarity on each sequencing cycle.
Fluorescent signals indicating which nucleotides have been added to the reaction are
recorded. A base-calling process is then carried out to identify nucleotides (Fig
1.6C3DIeft).34 Followed by sequencing, de novo assembly is the process of assembling
large numbers of overlapping sequencing reads into contiguous sequences in the
absence of a reference genome.3> In the present study, we mainly utilised SPAdes, a

de Bruijn graph-based assembler.3537



In contrast to short-read NGS, Nanopore is a long-read DNA sequencing technique.
Nanopore sequencing library construction is also commonly transposase-based (Fig
1.6®right), a simple two-step “cleave and plug” protocol that requires less bench
time (Fig 1.6@>right).38 Nanopore sequencing flow cells contain an array of tiny
protein pores called nanopores. When DNA bases pass through a nanopore, a
characteristic current is produced and decoded simultaneously through the base

calling process (Fig 1.6(3)right).3°

BGC identification and prediction require fairly long assemblies, however the existing
NGS sequencing and SPAdes approaches often result in fragmented assemblies, thus
preventing the assembly of larger BGCs into a single contig efficiently. Hybrid assembly
using long- and short-reads from lllumina and Oxford Nanopore sequencing datasets
is becoming a popular strategy to improve the accuracy and completeness of BGC

reconstruction.1340
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Fig 1.6 Overview of lllumina and Nanopore methods for whole-genome sequencing

11

ATCG



1.3.2 Genome mining tools

Although secondary metabolites are well known for their striking structural diversities, the
biosynthesis machinery responsible for building and tailoring them is usually derived from
relatively conserved enzyme families.?! This allows for the possibility of detecting particular
classes of BGCs based on the co-localisation of conserved enzymatic domains and is the basis
of the most commonly employed genome mining tool antiSMASH.*? antiSMASH is the gold
standard in silico tool for mining of BGCs from sequenced genomes, and version 5% has been
extensively used in this study. During antiSMASH analysis, a series of steps are carried out
under the control of an automated, intuitive wrapper function. First, genes are annotated,
and amino acid sequences are extracted. These are then searched using pHMMs (profile
Hidden Markov Models), and gene cluster types are identified using particular combinations
of core signature gene pHMMs. Functional annotations are also provided for accessory genes
within the gene clusters. Substrate specificity prediction is performed for NRPS and PKS
domains based on the active sites and consensus motifs, using algorithms and tools such as
Minowa** and NRPSpredictor2* embedded in antiSMASH. There are a number of additional
modules, such as KnownClusterBlast, which carries out gene cluster comparative analysis,
aligning the identified BGCs against reference BGCs from the MIBiG*® database to identify
potential known and/or congener clusters. However, we need to note that antiSMASH is a
rule-based genome mining tool*’, which means the identification of BGCs is heavily limited to
the current knowledge of biosynthetic machinery. Therefore, antiSMASH is not capable of

identifying entirely new BGC classes, the real dark matter.

1.3.3 Heterologous expression

Guided by genome mining, targeted heterologous expression of identified BGCs represents
an effective strategy in natural product discovery and provides an efficient way to connect
sequencing to chemistry (Fig 1.7). Heterologous expression begins with the transfer of
identified BGCs to heterologous hosts. Various DNA cloning platforms are available for BGC

capture, including TAR cloning*, Gibson assembly*® and Golden Gate cloning° (Fig 1.7@).
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The constructs are then integrated into heterologous expression hosts such as Streptomyces
albus>?, Streptomyces lividans>® and Streptomyces coelicolor>®, which have been

characterised and engineered for expressing actinomycetes related BGCs (Fig 1.7@).

Following the fermentation process, the resulting metabolites can be profiled using various
metabolomics detection and analysis techniques (Fig 1.7@, discussed in 1.4). Many
molecular platforms have been developed for refactoring biosynthetic gene clusters if they
remain silent or poorly expressed under laboratory conditions in the heterologous expression
systems. Examples included adding synthetic promoters across a BGC> or upstream of
targeted genes>® (Fig 1.7@), directly deleting the genes that suppress the expression of the
gene cluster>’ (Fig 1.7@), or introducing multicopy transcription factor decoy to sequester
the repressors® (Fig 1.7@). There is no one-for-all procedure to activate a BGC, thus
activating silent BGCs or optimising the yields of poorly expressed pathways remains a
challenging task requiring several build-test-learn cycles. In this thesis, several approaches
have been adopted to engineer or refactor some of the selected pathways, which will be

discussed in Chapter 4.

HO!

Fig 1.7 Genome mining strategy closed the loop from sequencing data to chemistry

Guided by genome mining, selected BGCs were cloned (), refactored (3)-(5)) and transferred to various
heterologous expression systems (). The heterologous expression system is the bridge between BGCs and
metabolites (B).
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1.4 Chemical analysis

1.4.1 Reverse-phase HPLC

RP-HPLC (Reversed-phase HPLC) is a popular method in natural product chemistry. The RP-
HPLC system incorporates a polar mobile phase (usually HO/Acetonitrile or H,O/MeOH) and
a nonpolar stationary phase (a C18 column in this thesis, Fig 1.8, coloured in orange). Polar
compounds in the sample mixture (Fig 1.8, coloured in blue) have few interactions with the
C18 modified silica, and those components will pass through the stationary phase faster and
elute earlier. On the other hand, nonpolar compounds will bind to the C18 chain, which results
in a slower movement in the stationary phase and a longer retention time. A detector (UV-
Vis in this study) is usually used along to detect components in the sample mixture. The
components are then recorded and displayed on the recorder if they have chromophores (Fig

1.8).%°

UV-Vis

samples %3 l

‘\.__
» polar compound

[ polar mobile phase , detector

Fig 1.8 A simplified RP-HPLC system
1.4.2 Liguid Chromatography Mass Spectrometry

In Liquid Chromatography Mass Spectrometry (LCMS), an HPLC system is coupled with a
detector capable of mass analysis. Compounds eluted from the LC system are channelled into
an ionisation source, where they are desolvated and ionised. Following ionisation,
compounds are accelerated through an electromagnetic vacuum field and separated based
on their mass-to-charge (m/z) ratios. The detected ions are amplified and recorded as m/z

ratios together with their relative abundance. Different dissociation methods such as CID
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(collision-induced dissociation) can be used to further fragment selected ions. The resultant
fragments can be recorded by MS again. By using MS/MS (tandem mass spectrometry), we

can obtain additional information about the structural features of a particular ion.60-2

GNPS (Global Natural Products Social Molecular Networking) is a tandem mass-based
molecular networking analysis tool. GNPS is based on the concept that similar fragmentation
patterns imply similar structures. Thus, compounds (nodes) with similar fragmentation
patterns can be grouped into the same molecular family. GNPS molecular networks consist of
nodes that represent MS/MS spectra and molecular ions; edges are connected when two

nodes exhibit similar (defined by cosine score) MS/MS patterns.®3

GNPS is a powerful tool for rapidly annotating complex metabolite profiles. Using a GNPS
facilitated heterologous expression strategy, we are particularly interested in two types of
clusters in the molecular networks of heterologous expression system:
New congeners present as extended nodes on a cluster consisting of known product
scaffolds (Fig 1.9a, discussed in Chapter 5).13
Novel compounds that form unique clusters, unconnected by the metabolites from other
(control) groups (Fig 1.9b, discussed in Chapter 6), as demonstrated by Moore and his co-

workers®465

known molecules
. O control hosts

. further analogues

Fig 1.9 Two types of GNPS molecular networking examined in this study
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1.5 Aims of the study

The overall aim of this thesis was to investigate the biosynthetic and natural product diversity
arising from culturable actinobacteria assemblages present in New Zealand lichens. This

overarching aim was further broken down into the following specific sub-aims:

1. Toisolate actinomycetes from New Zealand lichens and generate sequencing libraries for

the isolates (Chapter 3).

2. Toinvestigate the biosynthetic potential of the sequenced isolates and their potential for

producing novel natural products (Chapter 3).

3. To capture selected BGCs, deliver these to heterologous expression hosts, and conduct

the metabolite profiling (Chapter 4).

4. To characterise the metabolites from successful heterologous expression systems

(Chapters 5&6).
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Chapter 2 Materials and Methods

2.1 General materials used in this study

2.1.1

Strains used in this study

Table 2.1 Strains used in this study

Strain

Description

Reference

Escherichia coli EC100

General cloning host

Epicentre

Escherichia coli S17-1

Donor strain for conjugation from E. coli to
Streptomyces

66

Saccharomyces cerevisiae
BY4727 ANHEJ

Host strain for TAR cloning

67

Streptomyces albus 11074

Heterologous host

NCBI: txid457425

Streptomyces albus Dell4

Heterologous host

51

Streptomyces lividans TK24

Heterologous host

NCBI: txid457428

Escherichia coli

(TolC-deficient) For antimicrobial assay DSM 104619
Bacillus subtilis 168 For antimicrobial assay &8
Staphylococcus aureus For antimicrobial assay ATCC 25923
S. albus Dell4 hosting BAC DNA of the 004 | This study
114 004
del14_00 gene cluster (Chapter 4.2.1)
del14_004 with deletion of ctgl 627 and | This study
114 _004ALuxR - -
del14_004ALux ctgl_628 gene (Chapter 4.3.1)
del14_005 S. albus Dell4 hosting BAC DNA of the 005 | This study
gene cluster (Chapter 6)
dell4 005 with deletion of ctg4 380, | This study
del14_005APKS ctg4 381 and ctg4 382 genes (Chapter 6)
del14 _005AAbXO del14 005 with deletion of ctg4 395 gene This study
(Chapter 6)
del14 009 S. albus Dell4 hosting BAC DNA of the 009 | This study
gene cluster (Chapter 4.2.2)
del14 014 S. albus Dell4 hosting BAC DNA of the 014 | This study
gene cluster (Chapter 4.2.3)
del14 016 S. albus Del14 hosting BAC DNA of the 016 | This study
gene cluster (Chapter 4.2.4)
albus_031 S. albus 11074 hosting BAC DNA of the 031 | This study
gene cluster (Chapter 5)
. . This study
albus_031/pl)2449 albus_031 PPTase overexpression strain (Chapter 5)
delld 031 S. albus Del14 hosting BAC DNA of the 031 | This study
- gene cluster (Chapter 5)
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del14_218-3

S. albus Dell4 hosting BAC DNA of the 218-3
gene cluster

This study
(Chapter 4.2.6)

del14_HygE218_3

S. albus Dell4 hosting BAC DNA of the 218-3
gene cluster under the control of the ermE*

This study
(Chapter 4.3.2)

promoter
dell4 218-3 lipidation module | This study
dell4_plEF218_3 overexpression strain i (Chapter 4.3.3)
liv 004 S. lividans TK24 hosting BAC DNA of the 004 | This study
- gene cluster (Chapter 4.2.1)
. liv_004 with deletion of ctgl 627 and | This study
liv_004ALUXR ctgl 628 genes (Chapter 4.3.1)
liv 009 S. lividans TK24 hosting BAC DNA of the 009 | This study
- gene cluster (Chapter 4.2.2)
liv 014 S. lividans TK24 hosting BAC DNA of the 014 | This study
- gene cluster (Chapter 4.2.3)
liv 016 S. lividans TK24 hosting BAC DNA of the 016 | This study
- gene cluster (Chapter 4.2.4)
liv 218-3 S. lividans TK24 hosting BAC DNA of the 218-3 | This study
- gene cluster (Chapter 4.2.6)
S. lividans TK24 hosting BAC DNA of the 218-3 .
liv_HygE218 3 gene cluster under the control of the ermE* This study
- - (Chapter 4.3.2)
promoter
liv_plEF218 3 liv_218-3 lipidation module overexpression | This study

strain

(Chapter 4.3.3)
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2.1.2 Vectors and constructs used in this study
Table 2.2 Vectors and constructs used in this study
Vector Description Reference
TAR  cloning  Saccharomyces-E.  coli- | ,
pTARa
Streptomyces shuttle vector
E. coli-Streptomyces shuttle vector with
plJ10257 ermE* promoter and hygR (hygromycin | %
resistance) gene
Plasmid with hygR and the gene |
PWHU2449 cassette ermE*-sfp-svp
pRedET (tet) Red/ET expression plasmid GeneBridges
YAC004 pTARa derivative that carries 004 gene | This study
BAC004 cluster (Chapter 4.2.1)
BAC004 derivative with ctgl 627-628 | This study
BACOO4ALUxR replaced by hygR (Chapter 4.3.1)
YACO005 pTARa derivative that carries 005 gene | This study
BAC005 cluster (Chapter 6)
BACO05 derivative with ctg4 380-382 | This study
BACOOSAPKS replaced by hygR (Chapter 6)
BACOO05 derivative with ctg4 395 replaced | This study
BACO05AAbXO by hygR (Chapter 6)
YAC009 pTARa derivative that carries 009 gene | This study
BAC009 cluster (Chapter 4.2.2)
YAC014 pTARa derivative that carries 014 gene | This study
BAC014 cluster (Chapter 4.2.3)
YACO016 pTARa derivative that carries 016 gene | This study
BACO16 cluster (Chapter 4.2.4)
YACO031 pTARa derivative that carries 031 gene | This study
BAC031 cluster (Chapter 5)
YAC218-3 pTARa derivative that carries 218-3 gene | This study
BAC218-3 cluster (Chapter 4.2.6)
BAC218-3 derivative with ermE* inserted | This stud
BACHYgE218_3 between ctg9 270 and ctg9 271 positions (Chapter2.3.2)
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2.1.3 Media

Media were prepared following the below recipes. To make solid medium, 20 g/L Micro agar

(DUCHEFA, DUC M1002.1000) was added. All media were autoclaved at 121 °C for 20 minutes.

Table 2.3 Media used in this study

Medium Recipe / Source Description
- h o
LB Broth DUCHEFA (DUC L1703.2500), 20 g/L rEO‘;;';I‘e growth medium for
Dextrose, 3.603 g/L
KCl, 0.186 g/L competent cell recover
sOC MgSOu, 4.8 g/L oy d'ioum ¥
Tryptone, 20 g/L
Yeast extract, 5 g/L
TSB Thermo Fisher (CM01298), 30 g/L | oUtine growth medium for
Streptomyces sp.
YPD DUCHEFA (Y1708), 50 g/L yeast growth medium
ISP4 agar HIMEDIA (M359), 36.5 g/L preparing spore stocks,
conjugation
; — o ibili
MHB Thermo Fisher (CM0405), 21 g/L or antimicrobial susceptibility
testing
SEM Medium Mannitol, 20 g/L preparmg spore stocks,
Soya flour, 20 g/L conjugation
Starch, 10 g/L
K2HPO4, 1 g/L
MgS04.7H,0, 1 g/L
ISpa NaCl, 1 g/L fermentation medium used in
NH1SO04, 2 g/L this study
CaCO0s, 2 g/L
*Trace elements B, 1 mL/L
pH 7.2
Yeast extract, 4 g/L fermentation medium used in
ISP2 Malt extract, 10 g/L this stud
Dextrose, 4 g/L y
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SMM base: 1000 mL

Casamino acids, 2 g/L

TES Buffer, 5.73 g/L

adjust pH to 7.2 with 10N NaOH
SMM 50 % (w/v) Dextrose: 18 mL fermentation medium used in

(for1L) 1000 x phosphates: 1 mL this study

NaH,P04.2H,0, 7.8 g/L
anhydro K2HPOQ4, 8.6 g/L
ATrace elements A: 2 mL

1M MgSQO4: 20 mL

Sucrose, 100 g/L

K»S04, 0.25 g/L

MgCly, 10.12 g/L

glucose, 10 g/L

R5a casamino acids, 0.1 g/L
MOPS, 21 g/L

yeast extract, 5 g/L

ATrace elements A, 2 mL/L

fermentation medium used in
this study

pH 6.9
for isolati ivati
AlA Sigma-Aldrich (17117-5006), 22 g/L | (O 's0lating and cultivating
actinomycetes from lichen
(for1L) Glycerol, 5 ml
samples
VENB Yeast extract, 7 g/L for preparation of electro-
Nutrient Broth, 8 g/L competent E. coli

Table 2.4 Trace elements solution used in this study

ATrace elements A (500x stock)

*Trace elements B (2000x stock)

ZnCl,, 20 g/L

FeCl3.2H,0, 100 g/L
CuCl2.2H,0, 5 g/L
MnCl,.2H,0, 5 g/L
Na;B407.10H,0, 5 g/L
(NH4)6M07024.4H,0, 5 g/L

CaC03, 100 g/L
FeS04.7H20, 100 g/L
ZnS04.7H,0, 100 g/L
MNCI,.7H20, g/L
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2.1.4 Antibiotics

Antibiotic stocks were prepared following the below concentration, sterilised by filtration
through 0.22 um syringe filter (Interlab, FPE-204-013) when appropriate and added to cooled

autoclaved media when needed.

Table 2.5 Antibiotics used in this study

50 mg/mL in ultrapure water (Barnstead EasyPure Il
water purification system)

1000x chloramphenicol | 25 mg/mL in EtOH

1000x hygromycin 100 mg/mL in ultrapure water

100 mg/mL (10 N NaOH was added dropwise to facilitate
the dissolving)

1000x Nystatin 100 mg/mL in DMSO

10 mg/mlin MeOH (working concentration for pRedET: 3
ug/ml)

1000x apramycin

1000x Nalidixic acid

1000x tetracycline

2.1.5 Enzymes

Table 2.6 General enzymes used in this study

restriction endonucleases purchased from NEB
NEBuilder® HiFi DNA Assembly Master Mix | purchased from NEB E2621L
HiScribe™ T7 High Yield RNA Synthesis Kit | purchased from NEB E2040S

Cas9 Nuclease, S. pyogenes purchased from NEB M0386S
Q5° High-Fidelity 2X Master Mix purchased from NEB M0492L
BioMix™ Red purchased from Bioline BIO-25006
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2.2 General experimental procedures

2.2.1 Lichen sample collection and processing

Lichens were sampled from different locations spanning across New Zealand (Fig 2.1,
Appendix 2: Sampling_locations). Approximately 200 mg of each lichen sample was ground in
a 1.5 mL microfuge tube using a micro pestle and suspended in 0.5 mL sterile 20% glycerol.
Samples were collected, processed by Dr Mark Calcott, Dr Liwei Liu, and Dr Jeremy Owen, and

stored at -80 °C.

<’

Fig 2.1 Sampling locations for the lichens used in this study.
2.2.2 Isolation of actinomycetes

The lichen stocks were thawed and left to settle for 10 min on the bench. The resulting
supernatants with 10-fold serial dilution were then plated on AlA plates incubated at 30 °C
for 14 days. The AIA plates were supplemented with nystatin (50 pug/mL) to inhibit fungi and
nalidixic acid (50 pg/mL) to inhibit Gram-negative bacteria. Colonies with actinomycetes-like
morphologies were restreaked onto fresh AIA plates. Following 14 days of incubation at 30 °C,

pure cultures/spores were prepared and stored at -80°C in 30% glycerol as glycerol stocks.

23



Dr Mark Calcott, Dr Liwei Liu and Dr Jeremy Owen conducted the isolation work.

2.2.3 DNA extraction and whole-genome sequencing

Genomic DNAs of the lichen sourced actinomycetes were extracted from the mycelium after
7-14 days of growth on the ISP4 agar (HIMEDIA) at 30 °C. Mycelium was scraped from plates,
and total DNA isolation was performed according to the salting-out protocol.”® Genomic DNA
were stored in 50 pL of 5 mM Tris-HCl (pH 7.5, sterilised) in 96-well plates at 4 °C. The
mappings of isolated strains/gDNA and corresponding positions on the 96-well plates are

provided in Appendix 1.

For each genomic DNA in this study, an in-house low-cost NGS Library with an average insert
size of 500 bp was prepared based on the protocol described by Hennig.”* Briefly, the gDNA
(genomic DNA) was cleaved through tagmentation (Fig 2.2@), and PCR was conducted to
introduce indexes onto the tagmentated gDNA (Fig 2.2@). All amplified and tagmentated
gDNA were pooled together and loaded onto a 2% agarose gel, and the gel was then sliced
based on size (Fig 2.2@). The size-selected gel slices (500-600 bp) were then recovered and
cleaned up using SPRI beads (SpeedBeads™). The cleaned samples were analysed via
BioAnalyzer (Fig 2.2@) before being sent to GENEWIZ for NGS in 2x150 bp sequencing using

NovaSeq/HiSeq as the sequencing platform (Fig 2.2@).

This part of the work was done together with Dr Chanel Taylor.
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Fig 2.2 Large-Scale Low-Cost NGS Library Preparation used in this study.
Genomic DNAs are extracted, sheared (1), barcoded (@) and pooled ((3)). The resulting fragments are size-
selected (@3)) and analysed via BioAnalyzer (@) before sending out for sequencing ().

2.2.4 General molecular biology

Plasmid DNA purification and gel extraction were prepared, performed using All-in-1 Mini
Spin Columns (EconoSpin, 1920-250) and following the manufacturer's instructions

(QlAquick® Spin Handbook, April 2015).

Restriction enzyme digestions, NEBuilder HiFi DNA Assembly Reactions were carried out

according to the NEB's instructions.
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2.2.5 Polymerase chain reaction

All PCRs were conducted on Bio-Rad T100 Thermal Cyclers.

Diagnostic/screening PCRs were performed with BioMix™ Red using a Touchdown PCR

protocol (Table 2.7).

Table 2.7 Touchdown PCR programme

STEP Temperature | Time (min)
Initial Denaturation | 95 °C 3:00
Phase 1 95 °C 0:30
(9 cycles) 68 °C 0:30

(-1 °C /cycle)

72 °C 0:30
Phase 2 95 °C 0:30
(30 cycles) 58 °C 0:30

72 °C 0:30
Final Extension 72 °C 3:00
Hold 12 °C oo

Molecular cloning PCRs were performed with Q5® High-Fidelity 2X Master Mix using a 2-step
PCR (Table 2.8).

Table 2.8 2-step PCR programme

STEP Temperature | Time (min)
Initial Denaturation | 98 °C 0:30
30 cycles 98 °C 0:30

72 °C 30 seconds/kb
Final Extension 72 °C 2:00
Hold 4°C oo
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2.2.6 Preparation of electrocompetent cells and electroporation

3 mL YENB containing E. coli (EC100 or S17-1) was incubated overnight (37 °C). The following
morning, this was inoculated into 500 mL of YENB until the OD ~0.5 was reached. The culture
was transferred into 50 mL centrifuge tubes and placed on ice to chill. The chilled cells were
collected by centrifugation (2500 g, 20 min, 2 °C), the supernatant was discarded, and the
pellet was rinsed twice with chilled sterile ultrapure water without disrupting the pellet. The
pellet was then resuspended in 50 mL of cold, sterile 10% glycerol using serological pipettes.
Cells were again pelleted by centrifugation, and the glycerol washing process was repeated
twice. The resulting pellet was resuspended in 500 uL chilled sterile 10 % glycerol, aliquoted
into prechilled 1.5 mL microfuge tubes on ice (~40 uL/tube). Tubes were stored at -80 °C until

further use.

To perform the electroporation, the desired electrocompetent cell was thawed on ice, mixed
with purified DNA constructs, and transferred into a prechilled 2 mm electroporation cuvette
(Bulldog Bio, 12358-346). The cells were electroporated (2.5 kV, 25 F, 100 Q) using the Bio-
Rad MicroPulser, and 1 mL prewarmed SOC medium was immediately added to the cuvette
and transferred to a 15 mL tube. For large constructs such as BACs, the cells were incubated
at 30 °C, 200 rpm for 90 minutes for recovery before being plated onto LB agar plates
containing appropriate antibiotics and incubated at 30 °C overnight. In the case of small
plasmids, the cells were incubated for 1 hour at 37 °C at 200 rpm for recovery before being

plated on LB agar plates containing appropriate antibiotics and incubated at 37 °C overnight.
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2.3 CRISPR/Cas9-mediated TAR (Transformation associated

recombination) cloning

Traditional BGC recovery and cloning relied on the construction of genomic DNA cosmid
libraries. This process is laborious in terms of screening and the need to piece fragmented
BGCs into long intact BGCs due to the size limitations of the library.”2’3 In this thesis, we
applied a one-step TAR (Transformation associated recombination) cloning technique and

recovered eight pathways ranging from 30 kb to 90 kb.

TAR cloning takes advantage of the Saccharomyces cerevisiae in vivo homologous
recombination environment, and the recombination takes place between the target
chromosomal loci (e.g., BGC) and linearised TAR cloning capture vector that contains
homologous gene fragments to the targeted region. Coupling CRISPR/Cas9 to generate
double-strand breaks on genomes near the target region, TAR cloning enables the direct

cloning of chromosomal regions up to 300 kb with ideal successful rates.*74

A detailed explanation of CRISPR/Cas9-mediated TAR cloning for one pathway- BGC218-3 is
depicted below. The CRISPR/Cas9-mediated TAR cloning process following well-established

protocols®”77374 has been carried out for a total of 8 biosynthetic pathways in this study.

The programmed sgRNA (single guided RNA, Fig 2.3b) consists of two parts. The crRNA
contains 20 nucleotides that complement the target sequence located upstream of the PAM
(NGG) motif. The tracrRNA is partially complementary to the crRNA and partially bound to
Cas9. In order to obtain sgRNA, a DNA template for transcribing in vitro was needed. The
sgRNA DNA template sequence contained the T7 promoter sequence, ~20 nucleotides of
target-specific sequence, and the crRNA/tracrRNA sequence. sgRNA DNA template was next

used to transcribe sgRNA (Fig 2.3b) using an in vitro transcription kit (NEB, E2040S).

In the 218 3 cloning project, several sgRNAs targeting the upstream and downstream of the
218 3 biosynthetic pathway (Fig 2.3a) were synthesised (Fig 2.3c). Two DNA fragments,
located upstream and downstream of BGC218-3 (Fig 2.3a), were PCR amplified (using primer
pairs 218-3 L PAM_chk _f/rand 218-3_R_PAM_chk_f/r, provided in Appendix 8) and purified
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from the genomic DNA of lichen isolate Lidc-G7. The resultant DNA fragments were used as
substrates in determining the cutting efficiency of the Cas9-sgRNA complex. The cleavage
efficiency of each sgRNA-Cas9 pair was evaluated and visualised on a 1.5% agarose gel (Fig
2.3d). Based on the results, Cas9-sgRNA-L1/L2 and Cas9-sgRNA-R1/R2/R3 were chosen to be

co-incubated with genomic DNA of lichen isolate Li4c-G7 at 37 °C for 16 hours.

The universal primers for sgRNA synthesis sgRNA-F/R are listed in Table 2.9, and pathway

targeted specific primers used in sgRNA synthesis are provided in Appendix 8.

Table 2.9 Universal sgRNA primers used in this study

sgrna-uni-f |G AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC
sgrna-uni-r |JAAAAGCACCGACTCGGTGCCAC CAAGTTGATAACGGACTAGCCTTA AACT
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a (218-3_R_PAM_chk_f,218-3_R_PAM_chk_r)
Downstream target DNA fragment
L3:-191 L2:-34 L1:-21

- -, = « - -
- emt—

R1:422  R2:+94 R3:+236

Upstream target DNA fragment
(218-3_L_PAM_chk_f,218-3_L_PAM_chk_r) c

b target specific primer:

218—3_Iipo_L/R_PAM_1/2/3

Step 2 M} } step 1

sgRNA-R

* DNA template

in vitro transcription of RNA
using T7 RNA Polymerase

target-specific sequence sgRNA

crRNA/tracrRNA sequence

Fig 2.3 Design, preparation, and evaluation of sgRNAs

a. Cleavage positions of Cas9-sgRNA complexes near BGC218-3. The cutting sites of Cas9-sgRNA complex
L1, L2, and L3 upstream and downstream of R1, R2 and R3 are indicated.
Preparation of /n vitro transcription template for sgRNA.

. 3% agarose gel electrophoresis of the resulting /1 vitro transcribed sgRNAs.

d.  Cutting efficiency of Cas9-sgRNA complex. sg-RNA-L1-3 and sg-RNA-R1-3 were synthesised and used
to determine the cutting efficiency of the Cas9-sgRNA complex.
1) sgRNA efficiency test DNA fragments
@ HyperLadder™ 1kb, Bioline
@ sgRNA residues
@) expected fragments
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The BGC218-3 pathway-specific capture vector was constructed by introducing two short
homology arms (Fig 2.4) corresponding to both ends of BGC218-3. The two short homology
arms (~750 bp each) are amplified, then assembled with the Nhel linearised pTARa using
NEBuilder® HiFi DNA Assembly. The resultant pTARa-based BGC218-3 capture vector has a

capture arm separated by the unique Pmel site.

/

chromosome of 218-3 7<‘
~ BGC218-3

Pmel

NEBuilder® HiFi DNA Assembly H

I Nhel linearized pTARa |

Fig 2.4 Construction of BGC218-3 pathway-specific capture vector
Two short arms (~750 bp each) homologous to the ends of BGC218-3 region are introduced to pTARa using
NEBuilder® HiFi DNA Assembly.

Finally, CRISPR/Cas9 treated Li4c-G7 genomic DNA was co-transformed along with the Pmel
linearised pathway-specific capture vector into freshly prepared yeast spheroplasts to form

YAC218-3 (Yeast Artificial Chromosome 218-3, Fig 2.5).
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- : sourced actinomycetes 218-3
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"=~._  transformed¥
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Fig 2.5 Schematic drawing of CRISPR/Cas9-mediated TAR cloning.

TAR takes advantage of the natural /1 vivo homologous recombination environment of S. cerevisiae BY4727
ANHE]. CRISPR/Cas9 treated genomic DNA is co-transformed along with the Pmel linearised pathway-
specific capture vector into freshly prepared yeast spheroplasts to form YAC.

Fig 2.6a illustrates the pooled testing strategy used for screening positive yeast clones. 100
yeast colonies were picked up using toothpicks and transferred onto 10x10 grid new agar
plates (Fig 2.6a, Plate-Replica 1-3). Next, we grouped colonies on Plate-Replica 1 into 10 pools
(columns) and tested each pool using one of the diagnostic primers (amplifying certain
regions in the cloned cluster, shown in Fig 2.6b). If a pool tested positive (e.g., Fig 2.6a column
A in 1%t round), we tested each colony from the pool (column) on Plate-Replica 2 using the

same diagnostic primers.

Candidate clones (e.g., Fig 2.6a A5 in 2" round) on Plate-Replica 3 are validated using full sets
of diagnostic primers, clones showing all desired PCR signals (four pairs of diagnostic primers
amplifying several different regions in the cloned cluster, shown in Fig 2.6b) are assigned as
positive yeast clones (Fig 2.6c). The PCR confirmed YAC218-3 is then electroporated into E.
coli EC100 for BAC218-3 (Bacterial Artificial Chromosome 218-3) construct maintenance and
E. coli S17-1 for future use. E. coli S17-1/ BAC218-3 was then used as a donor strain for
transferring into desired streptomycetes (S. albus Dell4, S. lividans TK24) by intergeneric

conjugation following standard protocol”°.
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Fig 2.6 Screening for positive yeast clones
The pooled testing strategy used in yeast clones screening
Four pairs of diagnostic primers amplifying four different regions in the cloned cluster are indicated on
the map. The correct YAC218-3 was screened and verified using these depicted primers.
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3_9_3_4_F/R: 314bp) of the target BGC218_3 performed on individual yeast clones.
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2.4 Small molecule analysis and characterisation

24.1 HPLC

Agilent Technologies 1200 Series HPLC System was used in this study.

Crude extracts analysis was carried out using PhenoSphere-NEXT™ C18 column (3 um C18 120

A, LC Column 150 x 4.6 mm) with protocol and parameters listed in Table 2.10.

Table 2.10 HPLC protocol and parameters 1

Time (Min) | A (%) | B (%)

0 90 10 A: H,0 + 0.1% formic acid

24 0 100 | B: Acetonitrile + 0.1% formic acid
26 0 100 | DAD (nm): 220, 268, 320, 430
26.1 90 10 Flow (mL/min): 1.0

28 90 10

For compound isolation and purification, a semi-preparative column (NUCLEODUR C18 HTec,
5 um, 125x21 mm) was used with the protocol and parameters listed in Table 2.11.

Compounds are usually purified through two rounds.

Table 2.11 HPLC protocol and parameters 2

Time (Min) | A (%) | B (%) | DAD (nm): 220, 268, 320, 430
Flow (mL/min): 1.0
0 90 10 Round 1:
A: H20 + 0.1% formic acid
24 0 100 B: Acetonitrile + 0.1% formic acid
24.1 0 10 | Round 2:
A: H20 + 0.1% formic acid
26 90 10 B: MeOH + 0.1% formic acid
2.4.2 LCMS/MS

Agilent 6530 Accurate Mass Q-TOF LC-MS coupled with an Agilent 1260 HPLC was used in this

study.

The sample was injected to the LC system with PhenoSphere-NEXT™ C18 column (3 um C18
120 A, LC Column 150 x 4.6 mm), components within the mixture were separated using the

protocol and parameters listed in Table 2.12. The first 1.5 minutes eluents were sent to waste
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and eluents of 1.5-25 minutes were sent to the MS system for untargeted CID-MS/MS, where
the collision energies were determined based on the equation [slope]*[precursor
ions]/100+offset (low energy: slope=2.62, offset=14.75; high energy: slope=3.93,
slope=22.13). Each scan's top five intense ions were submitted to CID and automatically

excluded after three spectra for 0.3 min.

All samples were running in both positive and negative modes.

Table 2.12 LCMS protocol and parameters

Time (Min) | A (%) | B (%) | A: H,0 +0.1% NH4HCO;

0 95 5 B: Acetonitrile + 0.1% fomic acid

1 95 5 mass range (m/z): 50-2000

20 0 100 | capillary voltage: 3500 V

23 0 100 | nebulizer gas (N2) pressure: 35 psi

23.1 95 5 ion source temperature: 300 °C

25 95 5 sheath gas temp and flow: 350 °C and 11 L/min
24.3 NMR

NMR spectra were collected and analysed by Dr Helen Woolner and Dr Joe Bracegirdle.

NMR spectra were recorded on a JEOL JNM-ECZ600R with a 5 mm FG/RO digital autotune
probe (600 MHz for H nuclei and 150 MHz for 13C nuclei).

MestReNova 14.2.3 was used for NMR data analysis.

24.4 Bioinformatic analysis

Briefly, SPAdes Assembler®® was used to assemble genomes from Illumina HiSeq PE reads;
GTDB-Tk’> was applied to assign taxonomic classifications of the assembled genomes;
antiSMASH** was adopted to search secondary metabolite biosynthetic gene clusters from
assembled genomes; BiG-SCAPE’® and BiG-SLiCE”” were used for grouping BGCs into gene

cluster families.

The detailed parameters and scripts will be discussed in Chapter 3 and provided in the

appendices.
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Chapter 3 Genetic Investigation of the

Actinomycetes Assemblage in New Zealand lichen

3.1 Introduction

New Zealand is home to an abundance of lichen species, many of which are not found
elsewhere in the world. Here, we use a genetics-first approach to evaluate actinomycetes
from New Zealand lichens as a potential source of new bioactive compounds. A collection of
480 putative actinomycete isolates was obtained from lichen samples comprising at least 39
distinct species. Analysis of the resulting 138 Gb genome sequence data revealed over 8600
BGCs, many of which had high genetic divergence compared to a collection of 1.2 million BGCs
from previously sequenced bacterial strains and showed low homology to the functionally
characterised BGCs present in the MIBIG database. This study demonstrated the feasibility of
working with cost-efficient sequencing data, illustrated a pipeline for systematically
evaluating large-scale BGC datasets, and highlighted New Zealand lichen sourced
actinomycetes, a previously underestimated microbial community, as a powerhouse of

genetic resources and secondary metabolites.

3.2 Results

3.2.1 Strain isolation and genome sequencing

The sampling locations for lichens are depicted in Fig 2.1 and are listed in Appendix 2:
Sampling_locations. 480 actinomycetes-like bacteria were recovered from the lichen-glycerol

mixtures using the dilution plating method.

Genomic DNA was extracted from isolates and sequenced for downstream analysis. Of the
480 isolates for which libraries were constructed, 406 isolates' reads were successfully
assembled into contigs. Following assembly, contig number and N50 were used as quality

metrics’®, ranging from 31 to 17,859 contigs and 306 to 1,480,016 bp, respectively (Fig 3.1a,
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Appendix 2: assembly_stats&gtdbtk.classify). Among the 406 assemblies, 74 were of low
quality and were excluded from subsequent analysis, resulting in a collection of 332 draft-

guality assemblies.

3.2.2 Taxonomic classification

To assign phylogenies to the newly sequenced isolates, GTDB-Tk’> was used for taxonomic
classification at the whole genome level. All of the 332 isolates for which we obtained genome
sequence data could be classified at the genus level. However, only 166 (50%) could be
classified at the species level, indicating our search had uncovered a large number of new
species (Appendix 2: assembly _stats&gtdbtk.classify). We delineated at least 39 distinct
species (Fig 3.1b) from 16 actinobacterial genera in our collection, including Streptomyces,
Nocardiopsis, Rhodococcus, Gordonia, Nocardia, Microbacterium, Oerskovia, Amycolatopsis,
Spirillospora, Mycobacterium, Streptomyces B, Micromonospora, Rothia, Kribbella,
Williamsia_A, Embleya. Ten isolates from five genera were not actinobacteria and were
classified as off-target. The current taxonomic grouping and assignment were supported by

an independent pairwise genome distance estimation using Mash”® (Fig 3.1b).
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Fig 3.1 Whole-genome level taxonomic classification.

a. 2D density chart showing the assembly quality assessed by N50 (x-axis) and number_of_contigs
(y-axis) parameters.

b. Taxonomic classification at the whole-genome level using GTDB-Tk. Isolates identified at the
species level are indicated in different colour strips. The (colour) trends of all-pairs mash distance
(genome similarity) in the matrix, from yellow (identical species) to green and blue (species to
genus), supported the current taxonomic grouping and assignment.

3.2.3 Functional analysis of genome assemblies

On the protein-coding gene level, 62.5% of the open reading frames (ORFs) had no hits
in the UniProt® and COG8! databases (Fig 3.2a). 84.6% of annotated genes were from
Streptomyces (Fig 3.2b), an extensively studied genus. The functional annotation of
these genes identified Amino acid transport and metabolism; Carbohydrate transport
and metabolism; Translation, ribosomal structure and biogenesis; Lipid transport and

metabolism; Transcription as the top 5 functional categories (Fig 3.2b).

We then used RGI® to identify antimicrobial resistance (AMR) genes from our
assemblies. In total, we detected 1292 AMR genes from 309 assemblies (Fig 3.2c,
Appendix 2: rgi_matrix), belonging to 6 resistance mechanism types (antibiotic efflux;
antibiotic inactivation; antibiotic target alteration; antibiotic target protection;
antibiotic target replacement and reduced permeability to antibiotic). Isolates Li2c-H1
and Li4c-B5 harbour the most AMR genes (18 each). AMR genes such as B-lactamases
which confer resistance to B-lactams, and antibiotic efflux pumps which render
resistance to aminoglycosides, were among the most prevalent AMR Gene Families

identified in our datasets.

CRISPRCasFinder®® was used for identifying CRISPR arrays and Cas proteins on our
assemblies. 165 Cas proteins from 115 isolates were co-detected with the CRISPR-like
arrays, 14 Cas proteins from 14 isolates remained untyped. CAS-Type | and CAS-Type
Il from the Class 1 CRISPR—Cas system were prevalent in our datasets (Fig 3.2d).838
CAS-Type Il is a subclass of the Class 2 CRISPR—Cas system found exclusively in bacteria,
with CRISPR-Cas9 serving as the representative®>. No CAS-Type Il can be detected or

typed in our datasets (Fig 3.2d).
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Fig 3.2 Functional analysis of the lichen sourced actinomycetes genome.

a.

Venn diagram showing the hits in the UniProt and/or COG databases. 62.5% of the genes
remained unannotated.

Classification of the annotated genes into COG functional categories and their taxonomic
classification (down to genus level).

Distribution of resistance genes in 309 isolates (Appendix 2: rgi_matrix).

Heatmap showing the abundance of CAS-Types at genus level
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3.2.4 Identification and categorisation of natural product

biosynthetic gene clusters

Actinobacteria are well-known prolific producers of antibiotics, and a majority of these
secondary metabolites are encoded by BGCs (biosynthetic gene clusters).! As a next
step toward exploring the abundance of BGCs, antiSMASH 5.1.0* was used to identify
and characterise BGCs from our 332 draft genomes. In total, we identified 8601 BGCs
from 294 isolates (Fig 3.3a@, Appendix 2: antiSMASH_stats). The average length of
identified BGCs was 31.8 kb. The longest BGC is 247.9 kb long from the isolate Li4dc-
A12 (Appendix 2: BiG-SLiCE stats).

Among the identified BGCs, we found 1629 NRPs, 1431 PKs, 1134 terpenes, 1123 RiPPs
(ribosomally synthesised and post-translationally modified peptides), 8 saccharides.
1542 BGCs can be classified into the other chemical classes listed in Table 3.1. Another
1727 BGCs have multiple cluster types assigned (Fig 3.3a@, Appendix 2:
antiSMASH_stats).

Within the 8601 BGCs, 5390 BGCs (62.7%) regions were not located on the contig edge,
indicating the clusters were complete (Fig 3.3b, Appendix 2: antiSMASH_stats). The
majority of the BGCs (7113, 82.7%) we discovered had less than 90 % similarity to any
BGC in the MIBiIG database as assessed by the KnownClusterBlast module embedded
in antiSMASH (Fig 3.3c, Appendix 2: antiSMASH_ stats).
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Fig 3.3 BGCs characterised by antiSMASH.

The GTDB-Tk tree is a circular form and identical to the tree in Fig 3.1b. For 294 isolates,
additional information on identified BGCs was provided (1) average length and (2 chemical
classes). Species boundaries are delineated using different colour strips and are identical to
those in Fig 3.1b.

Phylogenetic distribution of the completeness of identified BGCs as defined by ‘on_contig_edge’.
5390 BGCs (37.3%) regions were located on the contig edge (on_contig_edge = True), which
suggested that they were potentially fragmented.

Phylogenetic distribution of the similarity levels (queried against the MIBIG database) of
identified BGCs. The low similarity level indicated that the BGC did not present clear links with
MIBIG reference BGCs and their associated compounds, which likely encode new metabolites.
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Table 3.1 Distribution of non-hybrid biosynthetic cluster types for BGCs present in this study.

chem_class |chem_subclass chem_class |chem_subclass
CDPS 14|Terpene terpene 1134
NRP NRPS 1315 NAGGN 4
NRPS-like 300 arylpolyene 18
PKS-like 36 betalactone 86
T1PKS 853 blactam 18
T2PKS 158 butyrolactone 274
Polyketide |T3PKS 351 ectoine 291
hglE-KS 24 furan 5
transAT - PKS 5 fused 4
transAT-PKS-like 4 Other hserlactone 2
LAP 38 indole 22
TfuA-related 14 ladderane 8
bacteriocin 492 melanin 220
RiPP lanthipeptide 355 nucleoside 16
lassopeptide 151 other 69
linaridin 62 phenazine 13
thiopeptide 11 phosphonate 6
.. lamglyccycl 2 resorcinol 1
Saccharide oligosaccharide 6 siderophore 485
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3.25 Assignment of BGCs to Gene Cluster Families using BiG-
SLiCE

As a next step toward determining the possible functional diversity and novelty, we
used the query model of BiG-SLiCE to place each of the 8601 BGCs into one of the
29,955 pre-computed GCFs (gene cluster families) that are available as part of this
software package.”’ These GCFs were derived from feature vectors extracted from 1.2
million BGCs from 209,000 genomes. Our BGCs mapped to a total of 1098 GCFs. 530
GCFs were found only once in our dataset, and 568 were shared by more than one
isolate. GCF membership value (d) for each BGC was also assigned, a metric that
indicates the relatedness between BGCs and their associated GCFs (Appendix 2: BiG-
SLiCE stats).

The most prevalent GCF in our dataset, GCF_00822, contained 243 ectoine BGCs from
236 isolates (Fig 3.4a, Appendix 2: BiG-SLiCE stats). Ectoine is a compatible solute that
protects organisms from osmotic stress and it is synthesised via a biosynthetic
pathway that is readily identifiable.8® This is interesting given that lichens are subject
to cycles of wetting and drying, and the common occurrence of compounds that
mitigate osmotic stress might provide a fitness benefit to microbes dwelling in this
environment. The S.D. of the d in GCF_00822 was small among our dataset, indicating

ectoine related BGCs were relatively conserved in lichen-sourced actinomycetes.

The values of d that are indicative of functional novelty are not precisely defined. The
authors of BiG-SLIiCE arbitrarily classified BGC-to-GCF relationships as "core" (d < 900),
"putative" (900 < d < 1800) and "orphan" (d > 1800).”” 5189 BGCs out of our 8601 BGCs
were "core" members of their GCFs. The memberships of 3090 BGCs were "putative",
implying that they were only moderately related to the centroid GCFs. 322 (3.74%)
BGCs were "orphans", meaning they were distinct from the GCFs to which they were
assigned and were good candidates for producing highly novel chemical entities (Fig

3.4b, Appendix 2: BiG-SLIiCE stats).
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Fig 3.4 BGC-to-GCF membership assignment and calculation using BiG-SLICE.

a. Scatterplot showing the distribution of GCFs among our datasets. The colour of the dots
corresponds to the number of BGCs within each GCF.

b.  The chemical class breakdown and distribution of BGC-to-GCF distance values. BGC-to-GCF
memberships can be classified into three types: "core", "putative” and "orphan” based on the
cut-off threshold of T=900.

3.2.6 "Orphan" membership BGCs from BiG-SLiCE mapping

BiG-SLiCE calculated BGC-to-GCF distance value d, and defined BGC-to-GCF
memberships as "orphan" if d > 2T.”” We have 322 BGCs that fall into "orphan"
membership among our datasets when using T=900. The "orphan" BGCs span over 12
actinobacterial genera and are relatively abundant in genera Embleya (11.9%) and

Williamsia_A (7.7%) (Fig 3.5a).

In-silico analysis of two cryptic BGCs that were mined using the d value metric is
presented below to illustrate how this type of analysis might be helpful to guide the

discovery of BGCs for further study.

The Li3d-B6_rlc5 BGC (d=2051) is a Type | PKS BGC that had been allocated to
GCF_00018. Li3d-B6 was detected in the genus Amycolatopsis. The Gene Cluster
Family GCF_00018 contains 1,250 core members and 1,427 putative/orphan members,
with T1PKS (99.8%) and Streptomyces (54.4%) serving as the representative class and
taxon, respectively.”” BGC0000073.1, a reference BGC from the MIBiG database, is the
most relevant member (d=549) of GCF_00018.”” The BGCO000073 pathway has nine
OREFs, seven of which encode Type | polyketide synthases and two of which encode
cytochrome P450 monooxygenases. Experimental evidence has previously confirmed

that these ORFs are essential for the production of the macrolactone
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halstoctacosanolide A.2” One starting module and eighteen extender modules spread
across the seven polyketide synthases assembled a polyketide chain that was largely
consistent with the final structure of halstoctacosanolide A. Two cytochrome P450
monooxygenases contribute additional oxidative transformations to the final
compound (Fig 3.5b, Table 3.2).8788

In silico analysis of the isolate Li-3d genome revealed a 199 kb Li-3d_r1c5 region
encoding a T1PKS. Eight Type | polyketide synthases on Li-3d_r1c5 comprising 30
modules were proposed to assemble a long polyketide chain (Fig 3.5b). Synteny®® and
antiSMASH*3 analysis showed that the Li3d-B6_r1c5 ORF organisation is homologous
to BGCO000073 (Fig 3.5b, Table 3.2). The presence of KR, ER, and cytochrome P450
monooxygenase on Li-3d_rlc5 BGC was expected to bring further chemical
modifications onto the polyketide backbone. Li-3d_rlc5 was assigned an orphan
membership and possessed different PKS domain organisations compared to the
reference  BGCO000073, suggesting a role in novel (macrocyclic) polyketide

biosynthesis.

The JGO2c-H7_r10cl1 BGC (d=2061) was an NRPS BGC identified from the genus
Streptomyces that was assigned to GCF_11473.”7 The GCF_11473 is a small gene
cluster family with only two core NRP BGC members, and no reference MIBIG BGCs.”’
Further examination of the 87 kb JGO2c-H7_r10cl region revealed an NRP region
flanked by salicylate synthase and iron ABC transporter, suggesting that this region is
involved in siderophore biosynthesis. Stachelhaus et al. proposed that active site
residues (also known as Stachelhaus code) of A-domains conferred substrates (amino
acids) specificity. One can predict the putative NRPS monomers by querying the newly
sequenced A-domains against the active-site signature database using
NPRSPredictor2.* Stachelhaus prediction/alignment result (Fig 3.5c, Table 3.3)
revealed that the proposed JGO2c-H7_r10c1 NRP chain salicylate-(cyclic Ser)-(D-Asn)-
(D-Thr)-Ser-(cyclic hydroxyl-ornithine) was different from the chain of the
representative siderophore gobichelin A®® (MIBIiG accession: BGC0000366). The
presence of TauD/TfdA family dioxygenase (Ctgl0 64, Table 3.3) on the JGO2c-
H7 r10cl BGC was expected to add additional oxidative transformations to the NRP
chain. The high d value of JGO2c-H7 r10c1-to-GCF_11473 suggested that the JGO2c-
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Taxonomic distribution (genus level) of GCF memberships in the sequenced datasets

Clinker® comparison of GCF_00018 orphan member Li3d-B6_rlc5 to the GCF_00018 core
member BGCO000073 suggested that Li3d-B6_r1c5 was involved in the biosynthesis of novel
polyketides.

Clinker™ comparison of GCF_11473 orphan member JGO2c-H7_r10c1 to the GCF_11473 core
member NZ_FNET01000020.
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Table 3.2 Predicted functions and sequence alignment of the selected genes in the Li3d-B6_rlch
region.
Li3d-B6_rlc5 vs BGC0000073

ORF aa size proposed function BGZ%?:(;ggglgRF identity | similarity
LuxR family DNA-binding
ctgl 720 | 218
response regulator
ctgl_721| 2709 PKS HIsG 0.34 0.42
ctgl 722 | 2982 PKS HIsA 0.4 0.51
ctgl_723| 15813 PKS
ctgl_724 | 5342 PKS HIsD 0.44 0.58
ctgl 725 | 7508 PKS HisB 0.42 0.55
ctgl_726| 5132 PKS HIsC 0.5 0.63
ctgl_727| 3460 PKS HIsE 0.44 0.56
ctgl_728| 4930 PKS HIsF 0.47 0.61
ctgl 729 | 269 hypothetical protein
ctgl_730| 1047 NRPS
ctgl 731 | 411 cytochrome P450 Hisl 0.3 0.45
ctg1 732| 262 ABC‘tra'nsporter ATP-
binding protein

Table 3.3 Predicted functions of the selected genes in the JGO2¢c-H7_r10cl region and A domain
amino acid specificity prediction.

ORF aa size proposed function ORF aa size proposed function
ctg10_53 | 500 Drug resistance transporter ctgl0 59 | 543 NRP
ctgl0 54 | 381 transport system permease protein |ctgl0 60 | 1587 NRP
ctgl0 55| 356 transport system permease protein |ctgl0 61 | 1582 NRP
ctgl0 56 78 mbtH-like protein ctgl0 62 | 2523 NRP
ctgl0 57| 447 isochorismate synthase ctgl10 63 | 345 iron compound ABC transporter
ctgl0 58 | 1238 NRP ctgl10 64 | 309 Dioxygenase TauD/TfdA
JGO2c-H7 _r10cl BGC0000366
Stachelhaus sequence |Substrate Predicted | Stachelhaus sequence Substrate
aal@Ctg10_59 PLPAQGVLsK salicylate PLPAQGVLNK salicylate aal@GobK
aa2@Ctgl0_58 DLFNLgLIhK ser DLFNLgLIhK ser 2a2@Gob)
aa3@Ctgl0_60 DfTKVaEVGK asn DAIDgGfVDK lys aa3@GobR
2a4@Ctgl10_61 DFWNIGMVHK thr DtWTIAsVdK his aa4@GobhR
aa5@Ctgl0_62 DVWHLSLIDK ser DVWHLSLvDK ser aa5@GobS
2ab@Ctgl19_62 DVWILGAVNK hydroxyl-ornithine DAWeaGLvDK hydroxyl-ornithine|aa6 @GobS

48



3.2.7 Chemical space-guided gene cluster grouping improves

genomics guided congener discovery

Comparison to the pre-computed GCF models using BiG-SLiCE gave us insights into the
genetic divergence and diversity of our lichen sourced BGCs. BiG-SLiCE converted the
full-length inputting BGCs into BiG-SLiCE features, and the GCF modules were then
constructed based on the absence/presence of features. For example, we can
immediately observe some common features shared among the BGCs in the ectoine
gene cluster family (GCF_00822) from the feature heat map (Fig 3.6a). The numerous
additional features present on Li2c-All r5c1 compared to the core member
BGC0000855 (d=324) resulted in the assignment of an orphan membership to Li2c-
A11 r5c1 (d=1938; Fig 3.6a, boxed in red).

antiSMASH analysis of Li2c-A11_r5cl showed that Li2c-A11_r5cl is an interleaved
cluster; the protocluster ectoine overlaps with an NRPS protocluster (Fig 3.6b). Hence
incorporating genes/features from the NRPS protocluster into the ectoine GCF
membership calculation could lead to the overestimation of the BGC novelty (Fig 3.6b).
This finding implied that the hybrid state and the boundary of one BGC would greatly
affect the distance (d) calculation and potentially lead to inaccurate BGC similarity

estimation.

KnownClusterBlast is an analysis module embedded in antiSMASH, which compares
identified BGCs with experimentally characterised BGCs in the MIBIG repository and
renders similarity scores during comparison. The similarity score is determined based
on the equation: [number of hit genes on the query region]/[number of hit genes in
the reference cluster].*> For example, four genes on Li2c-A11_r5¢c1 BGC showed
homology to four genes on BGCO000855, thus the similarity score is 1 (4/4). High
similarity score/level indicated that Li2c-A11_r5c1 is likely to encode compound(s) as
BGCO0000855 produced. We think this region-to-reference comparison can better
reflect the BCG similarity (Fig 3.6b).
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Fig 3.6 BIiG-SLICE vs. KnownClusterBlast analysis

a. Feature presence/absence plot of selected BGCs in GCF_00822. This example showed that the
hybrid state and the boundary of one BGC would affect the distance (@) calculation. The GCF
assignment and distance value calculation are based on biosynthetic feature presence/absence.
Non-ectoine related genes/features on Li2c-Al1_r5cl resulted in higher d calculation when
compared to BGCO000755.

b. Diagram illustrated the similarity score calculation by KnownClusterBlast when comparing Li2c-
Al11_r5cl to BGCO000755. Four genes on Li2c-Al11_r5¢l1 BGC have significant hits to genes on
the BGCO000755. So the similarity score is 1 (4/4).

We next investigated whether we could infer the chemical diversity directly from the
GCF model. The MIBiIG database is a repository for the annotated sequences of
experimentally characterised BGCs and their corresponding encoded compounds.4®
We used the genomic part of the MIBIG repository (BGCs) to construct a BiG-SLiCE GCF
model (T=900) and organise the chemical part (chemical structures) into MFs
(molecular families) based on Tanimoto similarity (tanimoto=0.5). We found that GCFs
cannot overlay well with MFs under the current threshold (Fig 3.7). Hence, we cannot
directly draw the conclusion of chemical diversity only based on the number of GCFs

we have in our datasets.
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Fig 3.7 Overlaying MIBIG GCFs model onto the MIBIG Tanimoto similarity network.

The largest 5 MIBiG GCFs (denoted in different colours) overlapped with the MIBIG Tanimoto similarity
network. The overlaying result showed that the GCFs could not be mapped back to the MFs,
indicating that GCFs were not equivalent to MFs under certain thresholds (BiG-SLICE T=900,
tanimoto=0.5).
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Below, we described the process of inferring chemical diversity in our datasets by

combining KnownClusterBlast analysis and the Tanimoto similarity network.

We began by associating our 8601 characterised BGCs (oval-shaped nodes) with the
most similar MIBiG BGC using KnownClusterBlast*? results with a similarity cut-off of
0.2 (Fig 3.8a@). MIBiG BGCs (rectangle-shaped nodes) were then linked (blue edge,
Fig 3.8a@) if their associated metabolites share a chemical similarity®! above an
empirical threshold (Tanimoto similarity score >0.5), thereby increasing the

connectivity of the resulting network (Fig 3.8b).

Using our expanded networking approach, 3605 lichen sourced BGCs (oval-shaped
nodes) identified in our datasets can be connected (light cyan edge) to 366 MIBiG BGCs
(Fig 3.8b) and grouped into 290 compound families. The top 10 largest BGC-to-MIBiG
clusters were clusters of ectoine (Fig 3.8b, A), hopene (Fig 3.8b, B), geosmin (Fig 3.8b,
C), isorenieratene (Fig 3.8b, D), coelichelin (Fig 3.8b, E), melanin (Fig 3.8b, F),
desferrioxamin B (Fig 3.8b, G), SGR PTMs (Fig 3.8b, H), spore pigment related BGCs
(Fig 3.8b, 1) and streptobactin (Fig 3.8b, J). 4996 lichens sourced BGCs (58.09%) cannot
be well associated with MIBiG reference BGCs, implying that a large portion of lichen

derived BGCs might be dark matter that are not fully characterised.
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Fig 3.8 Chemical space-guided gene clusters grouping.

a. Anillustrative example of conducting the Chemical space-guided gene clusters grouping.

b.  The KnownClusterBlast based network was extended by linking the centroid MIBIG BGCs based
on the chemical similarity score. Nodes and edges were colour coded using the same colour
scheme of Fig 3.8a. The top 10 largest BGCs-to-MIBIG clusters are labelled. Glycopeptide MF is
green shaded, and lipopeptide MF is highlighted in red.

The genetic-driven approach is playing a very positive role in searching for novel

therapeutics to address the antibiotic (resistance) crisis. As such, we sought to explore

our newly sequenced data for BGCs potentially encoding new members of these
medically valuable compound families. For example, lipopeptides and glycopeptides
are two types of tractable targets for genomic and metagenomic driven congener
discovery.®>®* Our chemical space-guided gene cluster grouping network showed
clear and precise connections when linking glycopeptide related BGCs (Fig 3.8b,
shaded in green) and clustering lipopeptide related BGCs (Fig 3.8b, shaded in red).

However, when using two publicly available GCF models for gene cluster grouping, we

found that the linkages among lipopeptide BGCs were weak, such as the link between

daptomycin and A54145, two well-characterised lipopeptides, is absent (Fig 3.9).

Moreover, it appeared that glycopeptide BGCs were either not well-grouped (Fig 3.9a)

or over-grouped with unrelated BGC types (Fig 3.9b).

54



T _aruag%ﬁ%,%%%ﬁﬁ%ﬁ%%ﬁ%
%%%%%%%%*%f%%%“%%%%%%%%%%%
o S 3 T e S e 6 9 S S e K e o S e
e S S S e 3K S S S S 3 3 S S e K S K e K e e ok e e e K
Sk S e K S S e e e S K e e R e R e e S e
% S K 3 e o 3 K 3 3 e e S e K e ol R K ok K K
R A A A A A A S A S R A AR e
Ko Ko e K e D Dok 26 2K ke D6 26 26 26 26 DK DK ok 26 26 26 XK O D6 O vk 2K DK XK K DK ok 2Kk e
KR Xk ek KU AKX K LA L AR AR AKX AELALANELANXAAX X
EAXAKXKELAX AKX ECALAELELELELELEXEX AKX AN KRN LKL REXEXXXKR
XXARX LR ELEETrrrr r r AAA T P r AT AAA T AAAA T P AT AL A

A rrrrrrr r r r AAA T T r AAA T AA T T Y T T AA YT T AT

LA A A e e e e e e e AL AT LA A AL A A e L
B N A

NS N NI AN AN AN NN NN A R A NI A
NN A N LRI AN NN NN NPUNN

N T N TR [ ™ SIS
SO f\\qu\\\”\\\m\pcgpqwq\pq\\\\\{
{\\'\,I'\\*\_I*\_‘\,I“\ I'\,\\ f\\)“\IIIITTIIIT[IIIIIIITIIIIIEI!TIIIIiTIIIITIIiTIIIIIIIiIiIITiIilT!TITITITIT

S R N R S R N S R R e N R R S R R R R S S R RS R RN R RN DR R OO
R e S S e R S S e N g e R O S R NS SN RS RN SR RN R SRR R RO
TILDLRLpL oI L p e oo eee el IIIIJII]Illf%élIIIlTII!IIIYTIIIIIiflllTIIIlllflTIIIIIIJIIITIITIIIIIIIi
R R N N S e R S NN S e R S e R R NS RO R RN SRRSO RN RN
R e R SR e N S e S S S R R S S RN RO S N R SN SRS RN R SR RS RS SO RS RN RSO S P R RS BRSS!
SRS E R AR SRR AR R R RS R AR L AR ERL RN R SRR S SRR3R0 083883332083 3850002588580 34:
S AR R e RS A R SRS S RS0 RRER RS20 0RL R 0R RS0 08 2005232825328 2000828083383 8828382808880 00804:
R SR AR R AL SR SR E R SRR S SRR PR SRR RS AR e R SRR R AR TR TSRS 0280222828203 2828228000348 4
TITTITILLITNLLL



3

ARGERBTES 2B E

AL B AT
: ,

INVIPYPPY TPy NTN
i1

%
PRARPLAOPP O[OS PLERERSEN

g
!

&%
.
8

e
=t
<fa

°

N
11

N

.

.
!

IPYNY
11

1o«

5ot
111

ieeen e
v -l
11111

~-
N
I

YoaR
%

RYREIBEDS"PEB R

5

)

N
!

v
!

&
N
&
-

1

4
\

pEeec oo
AP

L
eTED

v Ter
1

7
J

1
!
L1111 T 11 [ [ [ % nm menenasascmnancscnecannncananconcnconcacancncaninan nnonnncnccncon

Fay
NN
11

LR $
1l
!

TITYR
s
VNN
1

'Y
=3

4
7~

@




Fig 3.9 BiG-SLICE (a) and BiG-SCAPE (b) analysis of lichen-sourced BGCs (coloured in pink, oval-
shaped nodes) along with MIBIG reference BGCs (coloured in blue, rectangle-shaped nodes).

Note that the CDA (Ca’'-dependent cyclic lipodepsipeptide) BGCs marked in red and glycopeptide
BGCs marked in green cannot be well linked when using fairly lenient thresholds in both models
(T=900 for BiG-SLICE, ¢c=0.6 for BiG-SCAPE).

3.2.8 Chemical similarity networks inspired lichen BGCs
mining
Here we focus on two cryptic BGCs mined from the chemical space-guided gene

cluster grouping network depicted in Fig 3.8.

We began by examining the cluster of lipopeptides (Fig 3.8b, shaded in red; Fig 3.10a).
BGC0001103 (mycosubtilin), BGC0001005 (locillomycin), BGC0001614 (hassallidin E),
BGC0001127 (jagaricin), BGC0001090 (bacillomycin D), BGC0000402 (paenilarvins),
BGC0001098 (iturin), BGC0001095 (fengycin), BGC0000407 (plipastatin) are
lipopeptides discovered from non-actinomycetes source, while BGC0000439
(taromycin A), BGC0000315 (CDAlb), BGC0000291 (A54145), BGC0000336
(daptomycin) were lipopeptides discovered from actinomycetes and BGC0001968
(cadaside A) was recovered and expressed from environmental DNA%. Further
examination of the actinomycetes/eDNA subcluster revealed that this group of
compounds belongs to the CDA (Ca?*-dependent cyclic lipodepsipeptides). A
Phylogenetic tree for selected BGCs was created based on AAI (the average amino acid
identity).” The alighment of the BGCs within this subcluster was done in parallel using
Clinker (Fig 3.10b).2 The subcluster contained BGC0000439 (taromycin A),
BGC0000291 (A54145), BGC0000336 (daptomycin) and Li4C-G7_218-3 was
particularly of interest, thus we decided to add the BGC218-3 pathway to our

heterologous expression project and will discuss in detail in Chapter 4.

Another cluster of potential interest was GPAs (glycopeptide antibiotics, Fig 3.8b,
shaded in green, Fig 3.10c). GPAs are non-ribosomal synthesised polycyclic
hexapeptides that are usually glycosylated. The GPA BGCs were grouped by AAl
distance (Fig 3.10c left) and chemical similarity (Fig 3.10c right) in parallel.
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GPAs can be subclassed into five types based on the amino acid residues at positions
1, 3, and side chains of the peptide backbone®>. BGC0000326 (isocomplestatin) and
BGC0001635 (kistamicin A) containing characteristic tryptophan residue were thus
classified into Type V. We then focused on the Type V subclade (Fig 3.10c, right), and
found that two lichen sourced BGCs (Li3c-a4_r44c1 and Li3d-F5_r28c1) are linked to
the isocomplestatin BGC (MIBiG accession: BGC0000326, Fig 3.10c). The ORF
organisations of Li3d-F5_r28c1 (incomplete) and BGC0000326 were strikingly similar
(Fig 3.10d): several NRP synthases were flanked by transporter-related genes,
halogenase, and cytochrome P450. Two Cytochrome P450 on Li3d-F5_r28c1 (Fig 3.10d,
shaded in pink) shared high similarity/identity (Table 3.4) with their isocomplestatin
counterparts which are involved in aa6-0-aa4 and aa4-aa2 crosslink generation (Fig
3.10c, shaded in pink).?° Our BGC also contained the X-domain conserved on GPA
related BGCs for cytochrome P450 recruitment®® (Fig 3.10d, Table 3.4). Further
Stachelhaus alignment and domain analysis (Table 3.4) revealed our Li3d-F5_r28cl
BGC incorporates tryptophan, a characteristic moiety of Type V GPAs®>. However, the
methyltransferase domain was absent from our BGC compared to the isocomplestatin
BGC (Fig 3.10d, Table 3.4). Although the low-quality sequencing hindered us from
obtaining the full-length of Li3d-F5_r28cl1 BGC, the current genetic organisation
suggested this BGC were involved in the biosynthesis of demethylated
isocomplestatin-like compounds, which may contribute to the diversity of the GPA

compound family.
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Fig 3.10 Two selected Molecular families.

a. Several lichen BGCs were found in the lipopeptide molecular family. In this thesis, we further
examined the highlighted area (calcium-dependent antibiotic related BGCs).

b.  BGC alignment analysis (by Clinker™) revealed that lichen sourced BGC218-3 shared a similar
genetic organisation with other reference CDA BGCs. Detailed analysis is provided in Chapter 4.

c.  Two lichen BGCs were found to be grouped into the glycopeptide molecular family.
Clinker” alignment and domain comparison for Li3d-F5_r28cl and BGC0000326
(isocomplestatin reference BGC) revealed that the biosynthetic organisation of these two
pathways is strikingly similar, while one methyltransferase domain was absent from our BGC.
The comparison suggested that Li3d-F5_r28c1 is involved in the biosynthesis of demethylated
isocomplestatin, which might expand the members of the GPA molecular family.

Table 3.4 Predicted functions, sequence alignment and domain organisation of the selected genes

in the Li3d-F5_r28c1 region.
Li3d-F5_r28c1 vs BGC0000326

ORF aa size proposed function homologous BGC0000326 ORF | identity | similarity

ctg28 1 AAK81826.1

C-A-PCP-E C-A-PCP-E 3337 NRP C-A-PCP-E C-A-Mt-PCP-E 04 048
ctg28 2 AAK81827.1

C-A-PCP-X-L-TE 2168 NRP C-A-PCP-X-L-TE 057 o7

ctg28 3 75 mbtH-like protein AAK81828.1 0.77 0.88
ctg28 4 428 sodium/hydrogen exchanger AAK81829.1 0.67 0.78
ctg28 5 527 Trp_halogenase AAK81830.1 0.73 0.81
ctgZ28 6 390 cytochrome P450 AAK81831.1 0.58 0.69
ctg28 7 408 cytochrome P450 AAKB81832.1 0.57 0.68
ctg28 8 100 ferredoxin
ctg28 9 358 alpha-hydroxy-acid oxidizing protein AAK81834.1 0.73 0.83
ctg28 10 346 | 4-hydroxyphenylpyruvate dioxygenase AAK81835.1 0.64 0.77
ctg28 11 444 aminotransferase AAK81836.1 0.66 0.74
ctgZ28 12 300 prephenate dehydrogenase AAK81837.1 0.49 0.59
ctg28 13 190 hypothetical protein

3.3 Conclusion and discussion

This study demonstrated the feasibility of high-throughput data analysis using cost-
effective sequencing. By comparing and aligning our sequencing data to different
genetic reference collections, we demonstrate that actinobacteria sourced from New
Zealand lichens potentially have the capacity to produce previously uncharacterised
secondary metabolites. Our data shed light on New Zealand lichen inhabiting
actinomycetes and demonstrate that lichen-sourced actinobacteria assemblages

might serve as reservoirs for the discovery of new secondary metabolites.

GCF model is now becoming a widely adopted strategy for grouping BGCs. One can
construct a GCF model for thousands of BGCs without prior knowledge of the datasets.
Unfortunately, we noticed that our GCF models did not always reflect the underlying

chemical reality. For example, given the striking similarities at genetic and chemical
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levels, we expected the CDA-related BGCs can cluster together and glycopeptide BGCs
to be grouped into one cluster. However, when using BiG-SLICE’” and BiG-SCAPE’® for
the GCF construction, the above BGCs cannot be well-grouped (Fig 3.9). We should
note that sometimes different genetic elements contribute to the biosynthesis of the
same chemical moiety. Hence overemphasising the genetic variations at the BGC

feature level might lead to inappropriate BGC grouping.

Unlike the existing GCF models, starting from the sequence end, we introduced a new
network guided by chemical structures, as we think the biosynthesis study of BGCs
should be product oriented. We first pair our query BGCs with the experimentally
characterised reference BGCs stored in the MIBIG repository based on the
KnownClusterBlast analysis results. The query BGC-to-MIBiG_BGC pairs will be
further grouped if the metabolites encoded by the MIBiG_BGCs are similar enough to
trigger a linkage. Through this chemical guided BGCs grouping, we can have a clear
and precise image of the chemical potential our newly identified BGCs possess.
However, the construction of this network heavily relies on the reference BGCs. Due
to the limited reference BGCs published, a large portion of our BGCs cannot be well
grouped, thus we are unable to infer their chemical space. Future work can focus on

constructing a chemical-guided correction GCFs model.

Downstream studies focused on bringing genetically intriguing BGCs into reality. We
selected eight cryptic BGCs mined from our current datasets for the heterologous

expression project, which will be discussed in Chapter 4.
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3.4 Methods

3.4.1 Sampling and isolation of actinomycetes

See Chapter 2.2.1-2.2.2

3.4.2 DNA extraction and whole-genome sequencing

See Chapter 2.2.3

3.4.3 Genome assembly and annotation

Raw reads were pre-processed using Trimmomatic®’ for quality trimming and adapter
removal. The resulting filtered Illumina PE reads were then assembled using SPAdes

3.12.0%.

Genome assembly quality was examined using assembly stats 0.1.47% (Fig 3.1a,

Appendix 2: assembly_stats&gtdbtk.classify).

The assembled draft genomes were annotated using Prokka 1.14.5°% with default

settings.

Resistomes were predicted by searching against RGI 5.2.0%2 (Perfect and Strict hits

only Criteria).

The CRISPRCasFinder®3 singularity container was used to detect CRISPR arrays and Cas

proteins from our assemblies using Typing Clustering model.

3.44 Phylogenetic analysis and MASH distance calculation

Taxonomic classification at the whole genome level was assigned to each isolate using
the identify-assign-classify workflow of GTDB-Tk v1.4.07°, and the taxonomic

classification results were provided in Appendix 2: assembly_stats&gtdbtk.classify.

MASH (version 2.2.2)"° was used for genome-wide ANI calculation for all-pairs
comparisons between genomes (Fig 3.1b). MASH (version 2.2.2) was also used for AAl

calculation on selected BGCs.
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3.4.5 Cheminformatics analysis

All entries in JSON format from MIBiG*® (Version 2.0) were downloaded on May 27,
2021. MIBiG accession, Compounds (in SMILES string format), and Species (taxid)
information were extracted from JSON files. Taxid from each MIBIG accession was

used to fetch taxonomic information when queried back NCBI Taxonomy®.

Rdkit (v2020.09.1.0)°* was used for molecular similarity network construction.
Morgan Fingerprints of MIBIG compounds were generated with a radius of 2.
Tanimoto similarity score was pairwise calculated between compounds, and an edge
between compounds was created when the threshold of 0.5 was reached. Compounds
were marked by taxonomy as indicated in the MIBiG molecular similarity network (Fig

3.8b).

3.4.6 antiSMASH analysis

Secondary metabolites were identified from assembled genomes using the standalone
antiSMASH 5.1.0%, using prodigal as the genefinding-tool, and only processed
sequences larger than 5000 bp. A whole-genome HMMer analysis was also run for
each genome. Identified clusters were compared against known reference BGCs from

the MIBiG database alongside.

An in-house python (Appendix 3) script was used to extract the following general
information: "region"-"contig_edge", "region"-"product" and "region"-"location"
from output JSON files for downstream analysis and to produce Fig 3.3. The above

information was provided in Appendix 2: antiSMASH_ stats.

KnownClusterBlast is a module implemented in antiSMASH 5.1.0 used for comparing
each identified cluster against known MIBiG reference BGCs, with an output of MIBIG
reference BGCs hits for each lichen query BGC. An in-house python script (Appendix 4)
was used to select the highest ranked MIBIG hit(s) from output JSON files
("antismash.modules.clusterblast"-"knowncluster") based on the ranking system
described by Medema et al.,, 20112, Briefly, an edge was created between a

Lichen_BGC and top-ranked MIBIG hit(s) when "core_gene_hits" were larger than 1
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and "Similarity" larger than 20%.

The whole Lichen BGCs-MIBiG_BGCs network was then extended with MIBIG

molecular similarity network using Cytoscape (Version: 3.8.2) to produce Fig 3.8b.

3.4.7 Gene cluster family (GCF) analysis

BGCs identified from antiSMASH 5.1.0%3 were first mapped back to the pre-built GCF
model calculated at clustering threshold (T=900) using BiG-SLiCE (version 1.1.0)77
guery mode. In-house python workflow and scripts (Appendices 5,6,7) were used to
extract chemical class, GCF membership and distance values from SQLite3 database

raw output file to produce Fig 3.4, Fig 3.5a and Fig 3.9a.

Identified BGCs were also clustered along with MIBiG BGCs (versions 2.1) using BiG-
SCAPE 1.1.07% (cut-off = 0.6). Output network raw files were used to generate Fig3.9b

using Cytoscape (Version: 3.8.2).
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Chapter 4 Targeted Capture and

Heterologous Expression

4.1 Introduction

Microbial natural product discovery has relied primarily on bioactivity as an indicator
for decades. Generally, Fig 4.1@ crude extracts from microorganisms are
fractionated and screened against a panel of testing subjects, such as testing their
antibiotic activity against various microorganisms. Fig 4.1@ The active fractions are
then re-fractionated, re-screened and dereplicated for additional rounds till the Fig

4.1@ fractions/peaks mapping to the activities are pure enough for downstream

structure elucidation.1

Fig 4.1 Bioactive-guided natural products discovery

Many secondary metabolites are encoded by BGCs. Unfortunately, most BGCs are
poorly expressed under conventional laboratory culture conditions or remain silent
due to the complex regulatory networks in their native hosts.°! Using heterologous
expression strategies, we can transfer cryptic BGCs to a genetically amendable host to

improve production by pathway refactoring and generating derivatives.

In this chapter, eight pathways (BGC004, BGC005, BGC009, BGC014, BGC016, BGCO27,
BGCO031, BGC218-3) have been cloned and/or refactored. The BGCs of interest were
identified from the genome of New Zealand lichen sourced actinomycetes (depicted
in Chapter 3). Selected BGCs were then cloned using @ CRISPR/Cas9-mediated TAR
cloning (depicted in Chapter 2.3), @ conjugated into S. albus Dell4 and S. lividans

TK24 (depicted in Chapter 2.3), @ the resulting solid fermentation metabolites were
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profiled and analysed through molecular networking.

4.2 Insilico description of cloned pathways

4.2.1 BGC004

An antiSMASH analysis of BGC004 revealed a 9-module trans-AT PKS organisation (Fig
4.2a). It was predicted that a free-standing AT present on a single protein, Ctgl 631,
initiates the proposed biosynthesis by selecting acyl-CoA as building blocks, which will
be translocated to ACP domains embedded in the downstream modules to participate
in the chain extension cycles. However, deducing the trans-AT biosynthesis can be
challenging, as the presence of non-canonical modules such as module splitting
(modules 4 and 7, Fig 4.2a) and non-elongating modules (KS5° in module 5 and KS9°
in module 9, Fig 4.2b)'%2, Furthermore, non-standard biosynthesis events like domain
duplication and unusual domain order pose difficulties and add uncertainties for in
silico retrobiosynthetic predictions.%2193 The presence of FkbH in the loading module
indicated that it could also incorporate unusual building blocks and introduce them to

the elongating chain, a biosynthesis process similar to tetronomycin.%*

The pathway was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC004), transferred to E. coli
S17-1 (BAC004) and conjugated into S. albus Delld and S. lividans TK24 to vyield
del14_004 and liv_004. The predicted functions of the genes on BGC004, gene
fragments and primers used in cloning BGC004 are listed in Table 4.1 and Appendix 8,

respectively.
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Fig 4.2 BGCO04 is a trans-AT type PKS BGC.

Detailed PKS domain annotation. Modules 4 and 7 are proposed splitting modules.
The KS domain alignment reveals the HGTGT motif changes in the KS5 and KS9 domains. HGTGT motif is essential for decarboxylative condensation, and changes
in this consensus motif indicated that KS5 and KS9 are KS® type condensation-free domains that do not play a role in chain elongation.
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Table 4.1 Predicted functions of the genes on BGC004

orf  aa size proposed function orf  aasize proposed function
ctgl 613|254 Isochorismatase family protein ctgl 63414699 |SDR family oxidoreductase
ctgl 614|244 branched-chain amino acid ABC ctgl 635366 LLM class flavin-dependent

oxidoreductase
methyltransferase domain-containing

transporter substrate-binding protein

ctgl 615|102 N-acetyltransferase ctgl 636|271

protein
ctgl 6161136 (4Fe-4S)-binding protein ctgl 637|262 alpha/beta fold hydrolase
ctgl 617|76 NADP-dependent oxidoreductase ctgl 638|345 E?;Ct):ﬁ]yl_ACP synthase [1l family
ctgl 618|76 NADPH:quinone reductase ctgl 639|224 hypothetical protein
ctgl 619|129 nuclear transport factor 2 family protein|ctgl 640|515 ngicamn symporter family
ctgl 620|279 alpha/beta hydrolase ctgl 641]193 TEtR/ACR family transcriptional
regulator
ctgl 6211410 glutaminase ctgl 642|158 VOC family protein
ctgl 622195 hypothetical protein M877_08590 ctgl 643|541 serine/threonine protein kinase

ctgl 623|157 MarR family transcriptional regulator ctgl 644|266 SAM-dependent methyltransferase
ctgl 6241309 ABC transporter ATP-binding protein  |ctgl 645|398 FAD-dependent monooxygenase
TetR/AcrR family transcriptional
regulator

NAD(P)-binding domain-containing
protein

aminoglycoside phosphotransferase
family protein

ctgl 628|167 hypothetical protein ctgl 649|203 hypothetical protein

hypothetical protein
GA0115243_104331

ctgl 625|256 ABC transporter permease subunit ctgl 646|257

ctgl 6261396 cytochrome P450 ctgl 64763

ctgl 627|947 LuxR family transcriptional regulator ctgl 648|276

ctgl 629|170 hypothetical protein ctgl 650\425

PfaD family polyunsaturated fatty

ctg1_630|473 acid/polyketide biosynthesis protein

ctgl 6511162 hypothetical protein

ctgl 6311287 ACP S-malonyltransferase ctgl 652|719 tetratricopeptide repeat protein
SDR family NAD(P)-dependent . . .
ctgl 63214215 oxidoreductase ctgl 6531085 |tetratricopeptide repeat protein
ctg1 633|3406 SDR family NAD(P)-dependent
oxidoreductase

4.2.2 BGC009

The in silico analysis of the BGCO09 identified one PKS (Ctg27_306, Fig 4.3) and three
NRPS (Ctg27_307, Ctg27_308 and Ctg27_314) that spanned over seven modules which
had low similarity to any known characterised BGC in the MIBiG database and
sequenced genomes in NCBIL.%¢ The proposed biosynthesis is initiated by a
monomodular PKS (Ctg27_306, Fig 4.3). The monomer prediction for the AT domain
indicates that this PKS module will incorporate Malonyl-CoA as building block.** The
following monomer is from an NRPS module (on Ctg27_307). However, substrate
prediction for the A1 domain based on the Stachelhaus code remains inconclusive.*
A C-N bond is then formed between the PKS and NRPS module. The downstream
modules (present on Ctg27 307, Ctg27 308 and Ctg27 314) are proposed to
assemble the Gly-Thr-Gly-Orn-X. The standalone TEIl (type Il thioesterase) is

anticipated to release the projected compound from the assembly line either in cyclic
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or linear form.10>

The gene ctg27_ 309 encodes an MbtH homolog that is frequently found in NRPS gene
clusters. The ctg27_309 gene is located just downstream of three PKS/NRPS genes (Fig
4.3). Ctg27_309 exhibited 45% amino acid identity with DptG (GenAcession:
AAX31560.1) and 52 % with LptG (GenAcession: AAZ23079.1), two well-studied MbtH-
like proteins. Recent studies indicate that MbtH proteins play an essential role in
secondary metabolite biosynthesis, but their specific functions vary from pathway to
pathway. Ctg27_309 may represent a promising target. It would be interesting to see
whether expressing this MbtH homolog under a promoter will derepress and/or

enhance the yield of the BGC009 targeted metabolisms.

The pathway was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC009), transferred to E. coli
S17-1 (BAC009) and conjugated into S. albus Dell4 and S. lividans TK24 to yield
dell4_009 and liv_009. The predicted functions of the genes on BGC009, gene

fragments and primers used in cloning BGCOQ9 are listed in Table 4.2 and Appendix 8.
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Fig 4.3 Detailed PKS/NRPS prediction for BGC009.
BGCO09 is a PKS/NRPS hybrid pathway. The PKS and NRPS monomers are predicted using Minowa™ and NRPSpredictor2* embedded in antiSMASH®.
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Table 4.2 Predicted functions of the genes on BGC0O09

orf aa size proposed function orf aa size proposed function
i id adenylation d in-containi
ctg27 275|119 |DUF4190 domain-containing protein |ctg27 308 |2580 Z:;‘;?nac' adenylation domain-containing
ctg27 276 (145 No significant similarity found ctg27_309 |77 MbtH family NRPS accessory protein
ctg27 277 |83 hypothetical protein ctg27_310 |742 lantibiotic dehydratase
ctg27 278 174 PDE»type . ctg27 311 [591 ABC transporter G family ATP-binding
integrase/transposase/recombinase protein/permease
DDE-t
ctg27_279 (132 . ype . ctg27_312 (263 alpha/beta fold hydrolase
integrase/transposase/recombinase
NADPH:qui idoreduct; famil
ctg27_280 190 |alanine racemase ctg27_313 [319 rquinone oxidoreductase family
protein
i id adenylation d in-containi
ctg27_281 (219 alanine racemase ctg27 314 {1690 amln{) acid adenylation domain-containing
protein
LuxR C- inal-rel iptional
ctg27 282|422 |serine hydrolase ctg27 315|320 uxR C-terminal-related transcriptiona
regulator
tidogl DD-metalloend tid
ctg27 283|383 |Sensor histidine kinase LiaS ctg27 316 363 |PcPrcoglyean Bo-metalioendopeptidase
family protein
D-Ala-D-Al b tidase famil
ctg27_284 (226 response regulator transcription factor |ctg27 317|259 a a carboxypepticase family
metallohydrolase
Zinc D-Ala-D-Al b tid
ctg27.285|182  |DUF2087 domain-containing protein  |ctg27 318 (334 |- to o a8 CATDOXYPERHAAsE
precursor
ctg27 286 (110 DUF6204 family protein ctg27_319 |375 sensory histidine kinase UhpB
ctg27 287 (523 MFS transporter ctg27_320 |362 hypothetical protein
ctg27 288|251 transcriptional regulator, TetR family ctg27 321|218 response regulator transcription factor
ctg27 289 (411 MFS transporter ctg27_ 322|181 amylo-alpha-1,6-glucosidase
helix-turn-helix d in-containi
ctg27_290 |278 pfo'txei:m elx domain-containing ctg27 323|133 |hypothetical protein SCWHO3_58550
ctg27 291 (117 cytochrome P450 ctg27_ 324|158 DUF4265 domain-containing protein
hypothetical protein MarR family winged helix-turn-helix
tg27 292 |78 tg27_325 |133
ctger- GCM10010207_75760 ctger_ transcriptional regulator
ctg27 293 |30 transposase ctg27 326 |307 zinc-binding dehydrogenase
ctg27_294 (499 DUF6056 family protein ctg27 327|182 IS5 family transposase
ctg27 295 (471 glycosyltransferase ctg27_328 (246 hypothetical protein
ctg27_296 |66 site-specific integrase ctg27_329 (85 hypothetical protein GA0115234_ 105628
ctg27 297|514 hypothetical protein ctg27 330|139 RidA family protein
ctg27 298 |486 GIcNAc-PI de-N-acetylase ctg27_ 331 |166 cupin domain-containing protein
ctg27_299 (185 Transposase ctg27_332 (174 MarR family transcriptional regulator
MarR family winged helix-turn-helix hypothetical protein
tg27_300 |155 tg27_333 |47
ctocr- transcriptional regulator r9er- GCM10010207_86980
ctg27 301 (122 1S630 family transposase ctg27_ 334|374 GNAT family N-acetyltransferase
ctg27_302 |173 1S630 family transposase ctg27 335|100 transposase
thyltransf d in-containi
ctg27 303|260 type | methionyl aminopeptidase ctg27 336 213 ;zte\i/n ransierase domain-containing
helix-turn-helix domain-containing .
ctg27_304 (250 protein ctg27_337 200 1S1380 family transposase
ctg27 305 |154 glycosyltransferase family 2 protein ctg27 338 {330 CU044_5270 family protein
SDR family NAD(P)-d dent
ctg27_306 [2012 X amily (P)-dependen ctg27_339 (216 RNA polymerase sigma factor
oxidoreductase
ctg27 307 [2125 amlnc.) efud adenylatlon domain-
containing protein
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4.2.3 BGC014

antiSMASH classified BGC014 as an NRPS containing BGC, which showed low similarity
to any BGCs in the MIBIG repository and sequenced genomes deposited in NCBI at the
time of analysis. The BGC014 possesses three genes (ctgl_87, ctgl 85, ctgl 81) that
encode standard NRPS. A total of five A domains were identified: two on Ctgl_87, two
on Ctgl 85, and one on Ctgl_81. However, the Stachelhaus codes of some A domains
failed to render confident NRPS monomer predictions. The two NRPS Ctgl 87 and
Ctgl_85 are separated by the ctgl 86 encoding MbtH protein. Moreover, the NRPS
Ctgl 81 isseparated from Ctgl 85 -87 by genes (Fig 4.4a region highlighted in yellow)
involved in Dab (diaminobutyric acid) synthesis. Similar Dab biosynthesis gene sets can

be found on friulimicin% and laspartomycin®’ BGCs.

Further analysis of the upstream genes revealed that Ctgl 88 lacks an A domain while
the C and PCP domains remain (Fig 4.4a). The unconventional module structure (loss
of the critical A domain) suggests that the substrates incorporated in this module
should be supplemented in trans. There are multiple routes for supplying substrates
to this monomodule. For example, via a trans-acting A domain located on (Ctgl_71,
Ctgl 92, Ctgl 93, Table 4.3) or outside the cloned region; through intramodular
substrate movement as reported in thalassospiramide A biosynthesis'®8; or by
uptaking the Dab synthesised from Ctgl 84-Ctgl 82 in a way similar to that observed

in friulimicin'®® and laspartomycinl®”. The interesting monomodular ctgl 88 is

proposed to increase the structural diversity.

The pathway was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC014), transferred to E. coli
S17-1 (BAC014) and conjugated into S. albus Dell4 and S. lividans TK24 to vyield
dell4 014 and liv_014. The predicted functions of the genes on BGC014, gene

fragments and primers used in cloning BGCO14 are listed in Table 4.3 and Appendix 8.
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Fig 4.4 (a) Detailed NRPS prediction for BGC014 and (b) gene organisation of BGC027
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Table 4.3 Predicted functions of the genes on BGC014

orf aasize proposed function orf  aasize proposed function

ctgl 49|243 transcription antitermination ctg1 82 |411 ATP—grasp domain-containing
regulator protein

ctgl 50142 VOC family protein ctgl 83 1490 argininosuccinate lyase

ctgl 511410 ATP—grasp domain-containing ctg1 84 |356 pyridoxal-phosphate dependent
protein enzyme

ctgl 521428 MFS transporter ctgl 85 |2671 |non-ribosomal peptide synthetase

ctg1 53|a17  |ATP-graspdomain-containing | g5 ls7  |MbtH family protein
protein
ATP-grasp domain-containing hypothetical protein

tgl 541421 - tgl 87 (2125

9L protein gL GCM10018790 13500
aminotransferase class lll-fold condensation domain-containin

ctgl 551426 pyridoxal phosphate-dependent |ctgl 88 |889 rotein 9
enzyme P

ctgl 561|526 amino ?C'd adenylatlon domain- ctgl 89 |612 hypothetical protein
containing protein

ctgl 57392 acyl-CoA/acyl-ACP ctgl 90 |626 asparagme synthase (glutamine-
dehydrogenase hydrolyzing)

ctgl 58|88 acyl carrier protein ctgl 91 |255 asp:'artate/glgtamate racemase

family protein

ctgl 591417 pyrl|do><a| phosphate-dependent ctgl 92 599 non-ribosomal peptide synthetase
aminotransferase

ctgl 60438 lysine 2,3-aminomutase ctgl 93 (934 non-ribosomal peptide synthetase 3

ctgl 61 (249 gwrlcc))teesi;erase domain-containing ctgl 94 |345 TauD/TfdA family dioxygenase

ctgl 62416 |9utamate-S-semialdehyde ctgl 95 |457  |MFS transporter
dehydrogenase

ctgl 63193 acyl carrier protein ctgl 96 |415 helix-turn-helix domain-containing

protein

TrpB-like pyridoxal phosphate- . . .

ctgl 641449 dependent enzyme ctgl 97 |1037 |tetratricopeptide repeat protein

ctgl 651280 hypothetical protein ctgl 98 |63 hypothetical protein

ctgl 66 |86 acyl carrier protein ctgl 99 |82 hypothetical protein

ctgl 67371 acyl-CoA dehydrogenase ctgl 10081 chaplin

ctgl 68200 4 -phosphopantethe{nyl . ctgl 101|500 multpopper o><|d'ase domain-
transferase superfamily protein containing protein

ctgl 69323 hypothetical protein ctgl 1021125 VOC family protein

ctgl 701|174 flavin reductase family protein ctgl 103|296 SDR family oxidoreductase

ctgl 71553 ammq agd adenylatlon domain- ctgl 104|190 DNA stgrvatlon/§tatlonary phase
containing protein protection protein

ctgl 721306 LysR family transcriptional ctgl 10586 DUF5;33 domain-containing
regulator protein

ctgl 73170 l\/Iaer fam|lylW|lnged helix-turn- ctgl 106|332 SDR family NAD(P)-dependent
helix transcriptional regulator oxidoreductase

ctol 74|282 SDR family NAD(P)-dependent ctg1 107|290 S|gB/S|gF/S|gG family RNA
oxidoreductase polymerase sigma factor

ctgl 75|201 TetR/AcrR family transcriptional ctgl 108|500 SulP family inorganic anion
regulator transporter

ctgl 761495 MFS transporter ctgl 109|128 MerR family transcriptional regulator

ctgl 771107 glutaminase ctgl 110|179 transcriptional regulator

cigl 78(214  |[ESPONSE regulator transcription | -/ 7771438 |MFS transporter

ctgl 79|258 alpha/beta fold hydrolase ctgl 112|177 TerD family protein

ctgl 801308 kinase ctgl 113|437 Na+/H+ antiporter NhaA

ctg1 81|1120 |2Mino acid adenylation domain- | -/ ;141550 |pUF389 domain-containing protein

containing protein
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4.2.4 BGCO16

An antiSMASH analysis identified five core biosynthetic genes on BGC016, including
two AT-less PKS (Ctg95_34, Ctg95_32); a hybrid AT-less PKS/NRPS (Ctg95_33); two
NRPS (Ctg95_ 31, Ctg95_ 30) (Fig 4.5a). The presence of two standalone ATs (ATa and
ATb) within a single protein (Ctg95_25) suggests that this BGC is a trans-AT NRPS/PKS
hybrid (Fig 4.5a). Similar tandem AT architecture can be found in SorO on sorangicin
BGC. The alignment of the two BGC016 ATs with Sor ATs (Fig 4.5b) revealed that
BGCO016 ATa clades with Sor ATb, an AT domain exhibiting a substrate preference for
malonate. And BGC016 ATb clustered with Sor ATa, an AH (acyl hydrolase) domain

that is responsible for proofreading.1%3

The presence of the GNAT domain on protein Ctg95 34 indicates that this protein
initiates the PKS part biosynthesis. The GNAT-like domain was first identified and
characterised from curacin BGC, which displayed decarboxylation activity involved in
stater group generation.% Other trans-AT characteristics, such as module splitting
(module 10, Fig 4.5a), and non-extending modules (Fig 4.5c), can also be found in the
PKS part. However, in silico analysis cannot deduce whether the NRPS or PKS part
initiated the biosynthesis. It may be possible that nonlinear assembly processes take

place during biosynthesis.

The captured pathway was conjugated into S. albus Dell4 and S. lividans TK24 to yield
del14_016 and liv_016. The predicted functions of the genes on BGC016 are listed in
Table 4.4.
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Table 4.4 Predicted functions of the genes on BGC016

orf aa size proposed function orf aa size proposed function
ctg95 12 |36 IS701 family transposase ctg95 28 (407 polyketide beta-ketoacyl:ACP synthase
ctg95_13 |441 IS701 family transposase ctg95 29 (83 acyl carrier protein
ctg95_14 (99 hypothetical protein ctg95 30 (3059 |non-ribosomal peptide synthetase
helix-turn-helix domain-containin
ctg95 15 |57 proI:ei: X ! 'ning ctg95 31 (2516 |non-ribosomal peptide synthetase
SDR family NAD(P)-dependent
ctg95_16 |48 No significant similarity found ctg95_32 (4596 ) Y (P)-dep
oxidoreductase
ctg95 17 (181 tyrosine-type recombinase/integrase  |ctg95_33 |7223  |non-ribosomal peptide synthetase
ctg95_18 |52 hypothetical protein ctg95 34 (4624  |Polyketide synthase PksL
ctg95_19 |874 DUF262 domain-containing protein ctg95_35 (252 alpha/beta fold hydrolase
ctg95_20 |57 hypothetical protein ctg95 36 |471 amidase
entapeptide repeat-containin
ctg95_21 (182 hypothetical protein ctg95_37 (319 P .p P » g
protein
ctg95_22 |356 ParA family protein ctg95 38 (38 No significant similarity found
ctg95_23 |147 tyrosine-type recombinase/integrase  |ctg95_39 |108 1S1380 family transposase
ctg95_24 |64 hypothetical protein EES40_09560 ctg95 40 (123 1S4 family transposase
ctg95 25 (618 ACP S-malonyltransferase ctg95 41 (201 IS4 family transposase
ctg95 26 |739 enoyl-CoA hydratase/isomerase ctg95 42 (221 transposase
hyd thylglutaryl-CoA synth
ctg95 27 |402 yaroxymertnylgiutaryl-ton synthase 1 1595 43 240 [NUDIX hydrolase
family protein
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Fig 4.5 BGCO16 is a trans-AT PKS/NRPS hybrid BGC

a. Detailed PKS domain annotation.

b.  Alignment of the two BGCO16 ATs against Sor ATs

c.  The alignment of the KS domain reveals the changes of the HGTGT motif in the KS3, KS7 and
KS14 domains

4.2.5 BGC027

antiSMASH revealed a butyrolactone-like region on BGC027 as well as a homolog of
AfsA, Ctg21 203. AfsA-like proteins are the key enzymes involved in the biosynthesis
of y-butyrolactones and vy-butenolides that are widely distributed among
Streptomyces.**%!1 y-butyrolactones and y-butenolides are diffusible signal molecules
that exhibit regulatory functions that mediate biological processes such as
morphological differentiation and antibiotic production. The regulatory cascades

triggered by these compounds are diverse and complex.'1©

BGCO027 harbour a candidate system that possesses multiple additional biosynthesis
genes (Fig 4.4b, genes coloured in pink), suggesting the capability of generating highly
modified signalling molecules. Understanding how these signalling molecules function

may provide insights into eliciting/derepressing silent biosynthetic pathways.

The pathway was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC027), transferred to E. coli
S17-1 (BAC027). Unfortunately, this pathway was failed to be conjugated into S. albus
J1074, S. albus Dell4 or S. lividans TK24, even after multiple attempts, so it was
excluded from the metabolic profiling. It is worth noting that this pathway is not
particularly large, so perhaps the failure to transfer into a streptomycetes host
indicates that it might produce a toxic product that is killing any successful
exconjugants. Future work might involve placing the pathway under the control of

inducible promoters and then attempting conjugation into a heterologous host.

The predicted functions of the genes on BGC027, gene fragments and primers used in

cloning BGC027 are listed in Table 4.5 and Appendix 8, respectively.
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Table 4.5 Predicted functions of the genes on BGC027

orf aa size proposed function orf aa size proposed function
ctg21_181 673 endo-beta-N-acetylglucosaminidase ctg21_209 (527 MFS transporter
ctg21 182|418 cellulase family glycosylhydrolase ctg21 210|278 hypothetical protein EF917_16495
ctg21_183 |300 carbohydrate ABC transporter ctg21 211 357 SMP-.30/gluconolactonase/LRE family
permease protein
ctg21_ 184|314 sugar ABC transporter permease ctg21 212|326 aldo/keto reductase
ctg21_185 |430 extracellular solute-binding protein ctg21 213|214 NAD(P)H-binding protein
lator t ipti
ctg21_186 (348 Lacl family transcriptional regulator ctg21_214 (226 ;aezf;)rnse regulator transcription
hypothetical protein HAMP domain-containing histidine
tg21_187 (209 tg21_215 |430
ctgel_ GCM10010512_04220 ctgel_ kinase
ctg21 188|118 DoxX family protein ctg21 216 |506 histidine ammonia-lyase
. pyridine nucleotide-disulfide
ctg21_189 (164 GNAT family N-acetyltransferase ctg21_217 (524 .
oxidoreductase
ctg21_190 |57 hypothetical protein ctg21 218|357 alpha-hydroxy-acid oxidizing protein
SDR family NAD(P)-dependent
ctg21_191 (491 ) ctg21_219 |455 cytochrome P450
oxidoreductase
ter/triacylgl | synth
ctg21_192 (453 wax.es er/triacylglycerol synthase ctg21 220 (422 cation:proton antiporter
family O-acyltransferase
ctg21_193 (871 PA14 domain-containing protein ctg21_ 221 (483 long-chain fatty acid--CoA ligase
NAD(P)-binding d in-containi
ctg21 194|258  |(2Fe-2S)-binding protein ctg21 222 |514 (P)-binding domain-containing
protein
ctg21_195 |373 epoxide hydrolase ctg21 223|152 MarR family transcriptional regulator
ctg21_196 (422 transglycosylase family protein ctg21_224 |416 MFS transporter
ctg21_197 479 NADP-dependent phosphogluconate ctg21 225 |340 s!gma—70 family RNA polymerase
dehydrogenase sigma factor
ctg21_198 (243 response regulator transcription factor |ctg21_226 |375 ABC transporter permease
ctg21_199 |395 hypothetical protein EF917_16550 ctg21 227|238 ABC transporter ATP-binding protein
ctg21_200 |407 beta-ketoacyI.-[acyI-ca.rrier-protein] ctg21_228 |203 TetR/AcrR family transcriptional
synthase family protei regulator
ctg21 201 |88 acyl carrier protein ctg21 229 |409 hypothetical protein
ctg21_202 (345 ketoacyl-ACP synthase Ill family protein|ctg21_230 |41 No significant similarity found
ctg21 203|342 hypothetical protein ctg21 231|334 Gfo/ldh/MocA family oxidoreductase
. sugar phosphate
ctg21_204 (218 HAD family phosphatase ctg21_232 (300 . )
isomerase/epimerase
ATP-bindi tte d in-
ctg21 205|234  |3-oxoacyl-ACP reductase FabG ctg21_233 (302 nding cassette domain
containing protein
ctg21_206 (154 ester cyclase ctg21_234 (356 ABC transporter permease
ABCt t bstrate-
ctg21_207 |194 TetR family transcriptional regulator  |ctg21 235 (337 Sl,Jga,r ra.nspor er substrate
binding protein
ctg21_208 (427 alpha/beta hydrolase
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4.2.6 BGC218-3

antiSMASH analysis of BGC218-3 revealed four NRPS-encoding core biosynthetic
genes (ctg9 273, ctg9 274, ctg9_275 and ctg9 276), which composed a total of 13
modules (Fig 4.6a). The BGC218-3 shares many similarities with daptomycin!'? and
A54145'13, two extensively studied CDAs (Ca?*-dependent cyclic lipopeptides). The
fatty acyl-AMP ligase (Ctg9 271) and the acyl carrier protein (Ctg9_272) are located
upstream of the four NRPS genes. The ctg9 217 and ctg9 272 counterparts on
daptomycin BGC (dptE and dptF) and A54145 BGC (/ptEF) are involved in the fatty
acylation of the first amino acid incorporated during NRPS biosynthesis. Auxiliary
genes such as ABC transporters and MbtH protein can also be found among all three

BGCS (Fig 4.6b).112-114

Detailed Stachelhaus analysis of the A domains revealed several structural features
conserved in BGC218-3, daptomycin, and A54145: (1) amino acids at positions 2,9,10
are conserved in D-configuration, Gly and Asp analogues, respectively; (2) the
presence of a canonical tetrapeptide motif Asp-X-Asp-Gly for Ca?* binding (Table
4.6).112_114

Discrepancies in A domain substrate specificity and the common features shared
among BGC218-3, daptomycin and A54145 suggested BGC218-3 might encode a series
of compounds that are closely related to the reported CDAs which have different

amino acid compositions in the peptide backbone.

The pathway was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC218-3), transferred to E. coli
S17-1 (BAC218-3) and conjugated into S. albus Dell4 and S. lividans TK24 to yield
del14 218-3 and liv_218-3. The predicted functions of the genes on BGC218-3, and

primers used in cloning BGC218-3 are listed in Table 4.7 and Appendix 8, respectively.
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Table 4.6 Stachelhaus analysis of the A domains on BGC218-3, A5145 and Daptomycin

Stachelhaus sequences were extracted using NRPSPredictor2. The Stachelhaus sequences of A5145
and Daptomycin were used to predict the A domain substrate of BGC218-3.

Amino acids written in lowercase indicated that the amino acids in these positions are not conserved.

(Stachelhaus sequence)
position Substrate
BGC218-3 A54145 Daptomycin
1 (DAycVAAVeK) (DVALVGVVQK) | (DVSSIGAVEK)
Ala Trp Trp
5 (DmakKVASVNK) (DLVKVASVNK) | (DLTKLGDVNK)
D-X D-Glu D-Asn
3 (DLTKVGDVNK) (DLTKVGDVNK) | (DLTKLGAVNK)
hAsn hAsn Asp
4 (DFWSVGMVHK) | (DFWSVGMVHK) | (DFWSVGMVHK)
Thr Thr Thr
5 (DILQLGVIWK) (DILQLGVIWK) | (DILQLGVIWK)
Sar Sar Gly
6 (DVFcVAAVYK) (DvFnLalVEK) (DtwDmMGyVDK)
Ala Ala Orn
7 (DLTpvGAVNK) (DLTKVGAVNK) | (DLTKLGAVNK)
Asp Asp Asp
8 (DAwDaGtVDK) (DAwWDaGtVDK) | (DvvSaAfVYK)
D-Lys D-Lys D-Ala
9 (DLTKIGAVNK) (DLTKIGAVNK) | (DLTKLGAVNK)
Asp MeAsp Asp
10 (DILQLGLVWK) (DILQLGLVWK) | (DILQVGmMIWK)
Gly Gly Gly
11 (DLTKVGDVsK) (DLTKVGDVsK) | (DVWHISLVDK)
D-Asn D-Asn D-ser
17 (DIGKTGVvnK) (DIGKTGVvnK) (DIGKTGVInK)
Glu 3-MeGlu 3-MeGlu
13 (DVQYvgHVVK) (DgIFvGIAVK) (DAWTttGVgK)
Pro lle Kyn

monomer predicted

monomer observed
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Fig 4.6 (a) Detailed NRPS domain organisation for BGC218-3 and (b) gene cluster comparison of BGC218-3, daptomycin and A5414
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Table 4.7 Predicted functions of the genes on BGC218-3
orf  aasize proposed function
ctg9 2711599 fatty acyl-AMP ligase
ctg9 272185 acyl carrier protein
ctg9 27316292 |non-ribosomal peptide synthetase
ctg9 27412128 |non-ribosomal peptide synthetase
ctg9 2751|5277 |amino acid adenylation domain-containing protein
ctg9 27612406  |non-ribosomal peptide synthetase
ctg9 277|178 protein mbtH
ctg9 2781289 alpha/beta hydrolase
ctg9 2791347 methyltransferase domain-containing protein
ctg9 2801320 TauD/TfdA family dioxygenase
ctg9 2811280 FkbM family methyltransferase
ctg9 2821319 TauD/TfdA family dioxygenase
ctg9 283|315 ATP-binding cassette domain-containing protein
ctg9 2841286 transport permease protein
ctg9 2851140 hypothetical protein

4.3 Refactoring pathways

During our first capture-fermentation-test cycle (discussed in chapter 4.4), not many
pathways produce plausible ions. In addition to attempting the expression of cloned
pathways, two cloned pathways were further refactored to induce the production of

the metabolites they encode.

4.3.1 004ALuxR

Further analysis of the cluster BGC004 revealed four putative regulators. Two of these,
Ctgl 652 and Ctgl 653, were annotated as SARPs (Streptomyces antibiotic
regulatory proteins). Ctgl_627 was annotated as a LuxR transcriptional regulator, and
ctgl 628 encodes a member of the well-studied MarR repressor family of proteins

(Fig 4.2, Table 4.1).1%

Several pathways are known to be positively regulated by their pathway specific SARPs.
However, we could not detect any SARP binding site pattern (heptameric repeat
located upstream of the =10 region) along this pathway °, suggesting these SARPs are

not part of the pathway's regulation system.

LuxR can function as an activator or a repressor.'’® We hence generated a Ctgl_627-

628 (LuxR-MarR) knockout BAC model (the process is depicted in 4.5.1, Fig 4.10) to
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examine the role LuxR plays in this pathway and try to increase/derepress the
heterologous expression. The refactored BAC was then conjugated to S. albus Del14

and S. lividans TK24 to yield del14_004ALuxR and liv_004ALuxR.
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4.3.2 HygE218-3

Our first attempt at awakening BGC218-3 biosynthesis was to add the strong
constitutive ermE* promoter directly in front of ctg9 271 (the start of the BGC) using
the Red/ET system (a similar process is depicted in 4.5.1, Fig 4.7a). The refactored BAC
was then conjugated to S. albus Dell4 and S. lividans TK24 to yield del14_HygE218-3

and liv_HygE218-3, respectively.

43.3  plJEF_218-3

An earlier study showed that overexpression of the DptE and DptF increased
daptomycin production.’” Therefore, in the present study, we also tried over-
expression of DptEF homologs Ctg9 271&272 in S. albus and S. lividans heterologous

system.

We cloned ctg9 271 and ctg9 272 into the ¢$BT1-based integration conjugation
vector plJ10257 and integrated the resultant plasmid plJEF (Fig 4.7b) onto the
chromosomes of del14_BGC218-3 and liv_BGC218-3. The co-integration of BGC218-3
with Ctg9 271/272 allowed for the expression of BGC218-3 and overexpressing the

lipidation module under a strong consecutive promoter simultaneously (Fig 4.7c).
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Fig 4.7 BGC218-3 pathway refactoring strategies

a. Constitutive erm£+ promoter was added directly in front of ctg9_271 (the start of the BGC) to
yield HygE218-3

b. DptEF homologs Ctg9_271&272 were cloned to yield plJEF
The resultant plJEF was integrated onto the chromosomes of del14_BGC218-3 and liv_BGC218-
3 at @BT1 site.

4.4 Heterologous expression of pathways and identification

of the products

In order to determine whether any of the cloned pathways or their refactored
derivatives were producing new compounds, a comparative LC-MS/MS approach was

adopted.

Each of the pathways was introduced into one of the two hosts (S. albus Dell4, S.
lividans TK24) and cultivated in triplicate on four different solid media. An empty
vector control was also included. The crude extracts from desired heterologous
expression hosts (listed in Table 4.8) were subjected to HRESIMS/MS for GNPS
molecular networking. An automated, python-assisted analytical procedure was then
run to identify molecular features (unique ions in unique clusters) that were found in
all three triplicates for a particular pathway but not in any other pathways. Such
features were deemed to be potential products of the pathway and were subject to

further investigation.
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Table 4.8 Summary of cloned pathways (lengths, chemical classes) and heterologous expression
systems examined in this thesis

cloned region, length (kb) chem_class in S. albus Del14? |in S. lividans TK24?
004 ctgl 631-ctgl 653, 80.216 transAT-PKS,PKS-like v del14 004 Vliv_004
004ALuxR V del14_004ALuxR |V liv_004ALuxR
005 V del14_005
005APKS |ctg4_359-ctgd 427,77.603  |T2PKS,PKS-like v del14_005APKS
005AABXO v del14_005AAbXO
009 ctg27_275-ctg27_339, 81.413 |T1PKS,NRPS v del14_009 v liv_009
014 ctgl 48-ctgl 114, 92.151 NRPS Vv del14_014 Vliv_014
016 ctg95_13-ctg95-43, 94.250 transAT-PKS,T3PKS,PKS-like,NRPS |V del14 016 Vliv_016
027 ctg21_181-ctg21_235, 67.339 |PKS-like,butyrolactone
031 ctg9_28-ctg9_62, 35.397 nucleoside v del14 031
218-3 vV del14_218-3 Vliv_218-3
HygE218_3 |ctg9_271-ctg9 285, 62.115  |NRPS V del14_HygE218 3 |V liv_HygE218_3
plJEF218_3 V dell4 plIEF218 3 |V liv_plJEF218_3
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The left part of figure 4.8 illustrates our original workflow for GNPS analysis. The
LCMS/MS files (Fig 4.8@) were grouped (based on the constructs and fermentation
medium) and submitted to GNPS for molecular networking, and the resulting network
file (graphml, Fig 4.8@) was visualised via Cytoscape. The molecular network was
used to group metabolites (detected ions) from pathways and the negative control
(pTARa), and we aimed to find clusters formed only by pathways metabolites (circled
clusters in Fig 4.8@). The molecular ions from those "stood out" clusters were then

manually extracted and inspected from the raw LC-MS/MS data using MassHunter (Fig

4.8(8)).

The molecular networks generated in this study were large and complicated, making
visual analysis time-consuming and prone to errors. Therefore, we developed a
workflow in Python to automatically inspect the network and extract the picked-out

ions from the LC-MS data for downstream analysis.

With the Python assisted analysis workflow, instead of using a visual graphml file (Fig
4.8@) of the GNPS generated network, we used a clustersummary file generated by
GNPS analysis, a "text version" of the molecule network (Fig 4.8@). The
clustersummary can be parsed as a CSV file. The original clustersummary file is quite
informative but a bit complicated (Fig 4.8@), so we used Python to extract the
information we needed for downstream analysis. A row in the simplified summary file
corresponds to a node in the graphical network, and columns of each row refer to the
node's attributes (Fig 4.8@). The componentindex cell records the composition of
the cluster. When the componentindex is equal to -1, this indicates that the node is
isolated and is not connected to any other nodes on the network. On the other hand,
nodes within the same cluster will have the same componentindex. The default groups
indicate the source of a node. For example, Cluster246 has four nodes, where the

metabolites from G2 (Pathway 1) constitute the nodes (Fig 4.8@).
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Our algorithm, written in Python, seeks to find clusters (componentindex #-1)
composed by a single group (clusters constituted from the same colour, like the circled
clusters in Fig 4.8@). The ions of the picked-out clusters were then automatically
extracted from the mzXML files, and the spectra were plotted with the script adapted
from Pyteomics!!8 (Fig 4.8(7)). Analysis of those plotted spectra (Fig 4.8(8)) can help
to confirm:

The ion is reproducible over replicas

The ion inspected is "meaningful”: not a false-positive signal resulting from any

algorithmic artifacts of GNPS nor abundance differences among LC-MS data.

The production level of this ion is plausible for downstream studies.

The Python workflow enabled us to quickly locate and verify feature metabolites from
the complex molecular network, avoid the neglect of ions in the visual inspection
process, and save efforts such as manually examining and transferring parameters
among different software (e.g., Cytoscape and MassHunter Qualitative Analysis)

during the analysis.
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Fig 4.8 Comparison of GNPS workflows.
The left part illustrated our original GNPS manual analysis workflow (1)-@)): The GNPS molecular

’/
&

networking was visualised through Cytoscape (2)), where we manually went through and picked out
pathway “unique” ions/clusters (3)). We then validated those ions by extracting them in the Agilent
analysis software (@).

The right part (1), 5)-®) demonstrated our python-based GNPS automatic analysis workflow. This
python script provided a one-step analysis pipeline that integrated the molecular networking analysis
(®)-®) and ion validation (7). The extracted chromatograms (8)) were generated automatically.

The python script was tested and run on Victoria University's Rapoi HPC Cluster. The
scripts for this analysis are attached in Appendix 9 (for positive mode, also available
via GitHub) and Appendix 10 (for negative mode, available via GitHub). This analysis
led to the identification of potentially new metabolites being produced by four

pathways. Results are exemplified in Fig 4.9 and summarised in Table 4.9.

Two of the pathways that were putatively producing new compounds under
heterologous expression conditions were selected for follow-up work discussed in

Chapters 5 and 6.

There are some nodes that stood up from the other two pathways. One is from the
refactored 218-3 pathway, HygE218-3. In silico analysis revealed that the targeted
compounds produced from this pathway should be a lipopeptide, so we targeted the
high molecular weight ions. All the pathway-specific ions were just above 1000,
suggesting these compounds cannot be the final products, but some intermediates
this pathway encoded during the biosynthesis process (such as cyclic peptides without
the fatty acid chains). Another set of unique signals was detected from BGCO016;
however, the ions fell out of the mass range of the proposed compounds produced
from BGCO016. These results suggest that future work aiming at refactoring and
optimising the BGC016 and BGC218-3 heterologous expression systems might be
fruitful. The detected and verified ions from BGC016 and BGC218-3 were provided in

Appendix 11.
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Table 4.9 GNPS analysis results of S. albus Dell4 related metabolites.
Examples of the three types of molecular networking analysis results (a-c) are provided in Fig 4.9.

ISP2 ISP4 R5a SMM
del14004_pos b b . b
del14004ALuxR_pos o b
del14009_pos o o
del14014_pos o h
del14016_pos b b b b
del14031_pos c: Followed up and discussed in Chapter 5
del14218-3_pos
dell4HygE218 3_pos c: Discussed in Chapter 4
dell4plJEF218_3 pos
del14004_neg b b b b
del14004ALuxR_neg b b b
del14005_neg c: Followed up and discussed in Chapter 6
del14009_neg b b b
del14014_neg b b b b
del14016_neg o b c: Discussed in Chapter 4
del14218-3_neg
dell4HygE218 3 neg b b c: Discussed in Chapter 4
dell4plJEF218_3 neg b b
a: ho unique nodes and/or tiu
b: only false positive nodes and/or clusters
c: followed up and/or discussed
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Fig 4.9 Three types of molecular networking analysis results as summarised in Table 4.9.

a.  No unigue nodes and/or clusters: the analysis (Fig 4.8 (5-®) did not identify any pathway
unique nodes and/or clusters from molecular networking. No extracted chromatograms will be
generated in this case (Fig 4.8 (8)).

Once the python pipeline identifies pathway unique nodes and/or clusters from molecular

networking, extracted chromatograms (Fig 4.8 8)) will be generated:

b.  False positive results: ions (grey shaded) can be found both in the pathway (b, left) and control
(b, right) groups. These ions will be excluded from the downstream studies.

c.  Valid positive results: ions (highlighted in yellow) can only be found in the pathway

4.5 Methods

4.5.1 Construction of BACO04ALuxR

A PCR product containing hygE (selection marker) and ermE* (strong constitutive
promoter) gene cassette flanked by two homology arms targeting the ctgl 627
upstream region and ctgl_629 downstream region was generated using the primers
004_HygE F/R (Appendix 8) and the template plJ10257. We transferred the PCR
product to the inducted E. coli s17-1 containing pRedET and BAC004 to generate
BACO04ALuxR by in vivo Red/ET reaction (Fig 4.10). The knockout process was
conducted according to the manufacturer's instructions (GENE BRIDGES, Quick & Easy

E. coli Gene Deletion Kit).
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004_HygE_R

Ctgl 626 ——— Ctgl 629

BACO04ALuxR

Fig 4.10 Flowchart for the Ctgl_627&Ctgl_628 knockout on the BACO04 in £ coliS17-1

4,5.2 Fermentation

Spores (in S. albus Dell4 or S. lividans TK24) of pathways (listed in Table 4.8) and
pTARa (empty vector, control group) were streaked onto 12-well plates containing
four types of media (ISP2, ISP4, R5a, SMM, three replicas per medium; Fig 4.11@).
Following 14 days of incubation (30 °C, 200 rpm), each well was extracted with 25 mL
MeOH, dried, and redissolved in MeOH (Fig 4.11@). The prepared samples were
injected through a C18 column (PhenoSphere-NEXT™ 3 pm €18 120 A, LC Column 150
x 4.6 mm), and the production of metabolites was analysed by HPLC-HR-ESI-MSMS as
described in Chapter 2.4.2 and Table 2.12 (Fig 4.11@). Recorded data were submitted
to the GNPS for molecular networking generation (Fig 4.11@), and the resulting

networks were analysed using in-house python workflows (Fig 4.11@).
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Chapter 5 Heterologous Expression of a

Puromycin-like Pathway

5.1 Introduction

Puromycin is an aminonucleoside antibiotic produced by Streptomyces alboniger.**®
The overall structure of puromycin (Fig 5.1a) consisted of two parts, a modified
nucleoside covalently bound to a modified tyrosine, which resembles that of tyrosyl-
tRNA (Fig 5.1b). During protein biosynthesis, mRNA-tRNAs are moved along the
ribosome by translocation, leaving an empty A site. The elongation cycle of translation
is repeated if another aminoacyl-tRNA enters the empty A site. When the A-site is
occupied by puromycin, the elongating peptidyl-tRNA in the P site undergoes
puromycylation, resulting in the release of premature puromycylated peptide (Fig
5.1c).1?20121 Based on the unique characteristics of puromycin, various puromycin

derivatives have been generated for the labelling and imaging of proteins.'??

puromycin

W i °>_<_Q
\/"—'—N (o} NH,

c tRNA-aa3
translocation /
—
’X\

p

T tRNA
m tRNA

A
puromycin

Fig 5.1 Structure and mechanism of action of puromycin
Puromycin is structurally similar to tyrosyl-tRNA. When occupied in the A site, the puromycin would
cause the termination of protein biosynthesis.
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In the puromycin BGC (pur), the initial precursor ATP is dehydrated via NAD(P)-
dependent oxidoreductase (Purl0) to produce 3’-keto-3'-dATP, which is then
converted into 3’-amino-3'-dA by pyrophosphatase (Pur7), aminotransferase (Pur4),
and monophosphatase (Pur3). A tyrosine moiety is transferred to 3’-amino-3'-dA by
Pur6, which is then acylated (Pac) and methylated (Pur5, Dmp, two SAM-dependent
methyltransferases) to produce N-acetylpuromycin. The puromycin prodrug is
secreted by Pur8'?2 and hydrolysed by NapH to complete the maturation of bioactive

puromycin (Fig 5.2a).123712

ATP ° ° ° 3'-keto-3'-dATP 9 ¢ ¢
N=\ 0. P.

’
N=\ O~ PP P = _P__P___P_ N=\
N (o} oo Purl0 N 071071071 OH Pur? 0|OH
HZN\(J\‘( ‘Sr O O o ~Ctg0 46) " HZN\/k“, o o o == 5 s H;N\(‘\‘(
N=N HO OH NN © OH NN ©
Purd //-
N=\ O
(Ctg9_48) 3 amino 3'-dA Y NP on HN N o
0 Puré HN- 2 N oH
HN\(T\;(\N%O/S\ W)\f ‘S:\’AOH Coo 7D NN Ry O Pae o N N
Y o (Ctgg 50) S N (Ctg9_51) .
N N HN HN.__O
tyrosme HO NH, HO' \f
Pur5

(Ctg9_ 49)/”/
LN oH LN\ oH LONALO oH
ka /NW A MY
N OH N OH OH
N Pur5 N N HN Dm N N HN NapH N N HN
o (Cg9.49) @/\(Lo (Ctg9 52) @/\(Ao (Ctg9 43) WO
(o] HN.__O HN._O NH,
HO HO' (e} (¢}
T T | T i

N-acetylpuromycin
(puromycin B)

puromycin
GenBank NZ_CP023695

2 K% RS . 9 o R q@" qga“’ &
Q7 <4 Q7 s s
& & P & ESINF Y &© (}&b 4
2.5kb 0 |dent|ty (0/0) 100 . core biosynthetic genes - additional biosynthetic genes other genes
. regulatory genes transporter-related genes * TTA condons

Fig 5.2 (a) Proposed puromycin biosynthetic pathway and (b) gene cluster comparison of BGC031
and pur
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5.2 Heterologous expression of BGC031

antiSMASH identified BGCO31 as a nucleoside BGC that resembled the well-studied
puromycin BGC. Previous studies have confirmed that the pur BGC boundaries are
marked by the napH and pur8 genes (Fig 5.2b).*?°> In comparison with the pur pathway,
BGCO031 contained homologs of all the structural genes required for puromycin
production (Fig 5.2b, Table 5.1). Due to the similarity in gene organisations of the
BGCO31 and the pur pathways, we proposed that BGCO31 should direct the
biosynthesis of puromycin-like compounds (Fig 5.2a). In addition to homologues of all
puromycin biosynthetic genes, BGC031 contains several additional biosynthetic genes
that do not have counterparts on pur BGC (Fig 5.2b). For example, oxidoreductase
(Ctg9_37), methyltransferase (Ctg9_39), and decarboxylase (Ctg9_55) may contribute
to further tailoring during BGC031 biosynthesis (Fig 5.2b, Table 5.1). Thus, we decided
to clone this BGCO31 starting from ctg9 28 to ctg9 62, well beyond the reported pur
BGC boundaries.

The 36 kb region was captured with shuttle vector pTARa using CRISPR/Cas9-mediated
TAR cloning method into S. cerevisiae BY4727 ANHEJ (YAC031), transferred to E. coli
S17-1 (BAC031). The predicted functions of the genes on BGC031, gene fragments and
primers used in cloning BGC031 are listed in Table 5.1 and Appendix 8, respectively.
The BAC was first conjugated to S. albus J1074 to yield albus_031.

Ethyl acetate extracts from agar cultivation revealed that the heterologous expression
strain (Fig 5.3@) was not producing any new metabolites relative to the

empty vector control (Fig 5.3@).

A literature search revealed that Prof. Xudong Qu and his colleagues were able to
activate a silent puromycin biosynthetic pathway located on the genome of
Streptomyces alboniger NRRL B-1832 by co-expression of PPTase genes. The reasons
for this activation are not obvious, as the biosynthesis of puromycin is not dependent
on PPtase; however, given that empirical evidence suggested this strategy was
effective, it was decided that this might be a fruitful approach for activation the

BGC031. Upon request, Qu Lab provided pWHU2449.1° We integrated the two broad-
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selective PPtase genes sfp-svp derived from pWHU2449 along with the ermE*
promoter to the ¢BT1 site of the albus_031 heterologous expression strain, yielding

. Following the fermentation-extraction procedure, we analysed
the metabolites from (Fig 5.3@), (Fig 5.3@),
albus_pTARa (Fig 5.3@) and a puromycin standard (Fig 5.3@). The HPLC profiles
suggested that a new compound/peak was produced only when the BGC031 and the
PPTase-based activation system were both presented. This compound had a retention
time that differed from puromycin’s, and production of puromycin was not detected
in the same strain. The UV-Vis spectrum of the new compound produced by

was similar to that of a puromycin standard, indicating that it may
be a new puromycin analogue (Fig 5.3). However, the production of peak11.5 was

very low, preventing its downstream isolation and characterisation.

In an attempt to increase the production of the new compound observed in

, the BAC containing the BGC031 was also conjugated to S. albus
Del14, an optimised strain of S. albus J1074 in which endogenous secondary
metabolite clusters have been knocked out.>* The resulting strain (del14 031) was
cultivated on agar, and the extracted metabolites were compared to those from an
empty vector control (Fig 5.3@@). This analysis led to the identification of the same
small puromycin analogue peak11.5 we observed in ; this time, the
peak was produced by del14 031, a heterologous expression system without any
refactoring. Finally, in a last effort to boost production, the medium was
supplemented with 0.1 g/L Arginine and 10 mM MgCI2 (two components shown to

propel spore germination). This trial resulted in an increased production of the

peak11.5 (Fig 5.3(5)(9)).
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The BGCO031 was first introduced to Salbus 11074 () and compared to the UV trace of vector
control (@) at 268 nm, indicating that this pathway remained silent. To activate this pathway, different
activation strategies have been carried out, for example, pathway refactoring strategy (), changing
host (®), and optimising fermentation conditions (5)). UV-Vis spectra of new peaks from successful
heterologous expression systems (2)_®), 6)_ (@) were similar to that of a puromycin standard ((1).
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Table 5.1 Predicted functions of the genes on BGC031

homologous Pur identity/
enzymes similarity(%)
ctg9 28 | 218 |dihydrofolate reductase family protein - -
ctg9 29 | 156 |hypothetical protein - -
ctg9 30 | 180 |hypothetical protein - -
ctg9 31 | 380 |hypothetical protein - -
ctg9 32 80 |hypothetical protein - -
ctg9 33 51 |DUF6131 family protein - -
ctg9 34 88 |aldo/keto reductase - -
ctg9 35 | 317 |aldo/keto reductase - -
ctg9 36 | 226 |TetR/AcrR family transcriptional regulator - -
ctg9 37 | 300 |SDR family oxidoreductase - -
ctg9 38 | 284 |helix-turn-helix domain-containing protein - -
ctg9 39 | 178 |class | SAM-dependent methyltransferase - -
ctg9 40 | 307 |LysR family transcriptional regulator - -
ctg9 41 | 313 |LysR family transcriptional regulator - -
ctg9 42 | 305 |SDR family oxidoreductase - -

orf  aasize proposed function

ctg9 43 | 327 |LysR family transcriptional regulator WP_167532747.1 | 58.66/70.21
ctg9 44 | 556 |M28 family peptidase NapH 54.11/63.58
ctg9 45 | 154 |NUDIX domain-containing protein Pur?7 57.24/66.45
ctg9 46 | 360 |Gfo/Idh/MocA family oxidoreductase Purl0 63.66/72.98
ctg9 47 | 816 |hypothetical protein Pur6 61.14/71.11
ctg9 48 | 446 |DegT/Dnr)/EryC1/StrS family aminotransferase Pur4 78.55/85.31
ctg9 49 | 231 |methyltransferase Purb 80.67/85.29
ctg9 50 | 281 |histidinol-phosphatase Pur3 63/69.6

ctg9 51 | 208 |GNAT family N-acetyltransferase Pac 66.83/76.38
ctg9 52 | 422 |methyltransferase Dmp 59.57/69.41
ctg9 53 | 502 |MFS transporter Pur8 65.01/72.96

ctg9 54 89 |GlsB/YeaQ/YmgE family stress response membrane protein - -
ctg9 55 | 491 |diaminopimelate decarboxylase - -
ctg9 56 | 101 |hypothetical protein - -
ctg9 57 | 152 |hypothetical protein - -
ctg9 58 | 267 |hypothetical protein - -
ctg9 59 | 143 |roadblock/LC7 domain-containing protein - -
ctg9_ 60 | 124 |hypothetical protein - -
ctg9 61 | 192 |hypothetical protein - -
ctg9 62 | 278 |MurR/RpiR family transcriptional regulator - -
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5.3 Characterisation of Compound 1

To determine the chemical structure of the predominant heterologously expressed
peakl1.5, we inoculated del14_031 onto 40 agar plates, each containing 50 mL of ISP4
agar supplemented with 0.1 g/L Arginine and 10mM MgCI2. From the crude extracts,
we purified compound 1. Compound 1 was obtained as a white powder. Analysis of
the 1H NMR, COSY, HSQC, HMBC (Appendices 12-16), and ESI-HRMS data revealed
that compound 1 was puromycin B, a puromycin congener reported by Qu’s group (Fig

5.4).19

Fig 5.4 Structure and key correlations for compound 1 (600 MHz, DMSO-d6:MeOD= 1:1)

5.4 GNPS molecular networking analysis

Preliminary HPLC analysis of heterologous expression strains suggested that a number
of congeners of puromycin might be produced. Unfortunately, the amount produced
in each case was too low to permit isolation and structure elucidation using NMR. In
order to obtain additional information about the potential structures of the new
metabolites being produced, we subjected an aliquot of crude extract from section
5.3 to LC-MS/MS using the protocol and parameters described in Table 2.11. The
collected data was submitted to GNPS for molecular networking.®®> A cluster
containing the node corresponding to compound 1 (peak11.5, puromycin B) stood out
immediately (Fig 5.5). The corresponding MS/MS spectra were manually inspected on

each node in the puromycin putative analogue containing cluster (Fig 5.6-5.8).
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Fig 5.5 Puromycin Cluster from the GNPS Molecular Network.
All nodes are labelled with the corresponding precursor ions. All edges are labelled with Cosine score.
Analysed nodes are marked with a number (compounds and MS/MS spectra share the same number).

5.4.1 MS/MS spectra and tentative structural assignments of

Compounds 2,3,4,5

We found two sets of 500.226 (spectra/nodes 2 and 4) and 486.21 (spectra/nodes 3
and 5) nodes directly connected to the characterised puromycin B node
(spectrum/node 1, yellow) (Fig 5.5). The mass difference of 14 among those

nodes/compounds suggested they are demethylated puromycin B analogues.

The absence of N-dimethylated adenine moiety fragment (164.1016, MS/MS spectra
1,4), the presence of N-acylated-O-methylated tyrosine moiety fragment (192.1019)
and mono-methylated adenine moiety fragment (150.8) on MS/MS spectrum 4

supported the structure assignment of compound 4 (Fig 5.6).

The presence of N-acylated-O-methylated tyrosine moiety fragment (192.1019) and
the fact that MS/MS spectrum 5 has a higher cosine score with MS/MS spectrum 4
than MS/MS spectrum 3 (Fig 5.5) supported the structure assignment of compound 5,

a demethylated analogue of compound 4 (Fig 5.6).

The presence of N-dimethylated adenine moiety fragment (164.1016, MS/MS spectra
1,2), the tyrosine moiety fragment (136.07, MS/MS spectrum 2), N-acylated tyrosine
moiety fragment (178.08) and the absence of N-acylated-O-methylated tyrosine
moiety (192.1019, MS/MS spectrum 1) supported the structure assignment of

compound 2 (Fig 5.6).
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The presence of the tyrosine moiety fragment (136.07, MS/MS spectrum 3), N-
acylated tyrosine moiety fragment (178.08, MS/MS spectrum 3), the absence of N-
dimethylated adenine moiety fragment (164.1016, MS/MS spectra 1,2) and the fact
that MS/MS spectrum 3 is directly connected to spectrum 2 rather than spectrum 5
(Fig 5.5) supported the assignment of the structure of compound 3 as a demethylated

analogue of compound 2 (Fig 5.6).
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Fig 5.6 MS/MS spectra of compounds 1-5

MS/MS diagnostic fragments (coloured in red and green) were aligned (indicated by cyan lines) to
deduce the metabolite/congener transformations. Metabolites/congeners were colour coded to
match the MS/MS diagnostic fragments.

5.4.2 MS/MS spectrum and tentative structural assignment

of Compound 6

The presence of nucleoside moiety fragments (319.12), tyrosine moiety fragments
(136.07, 178.08) and the precursor mass ions suggested that compound 6 is

corresponding to puromycin, the deacylated analogue of compound 1 (Fig 5.7).
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Fig 5.7 MS/MS spectrum of compound 6

5.4.3 MS/MS spectra and tentative structural assignments of

Compounds 7,8

The mass difference between nodes 7 and 1 is 63.994, and GNPS annotated this edge
as a fragment corresponding to C40, suggesting the decomposition of the phenol
moiety on tyrosine (Fig 5.5). The absence of tyrosine moiety related fragments on
spectrum 7 further supported this hypothesis. The spectra for compounds 7 and 8
contain two new diagnostic fragments with masses of 128.1095 and 86.0970, which
should be assigned to the amino acid constituent of the respective structures. The
Thorson group have previously reported a new puromycin analogue where the

tyrosine moiety of compound 1 is replaced by leucine.'?® HRESIMS and fragmentation
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patterns suggested that compound 7 could be the puromycin B reported by Thorson’s

group (Fig 5.8).

The mass difference between nodes 7 and 8 is 28.032, suggesting a loss of two methyl
groups. The presence of 128.1095 and 86.0970 on spectrum 8, the absence of the N-
dimethylated adenine moiety fragment (164.0922), the presence of adenine fragment
(136.06) and the fact that node 8 is directly connected to node 5 (a puromycin
analogue in non-methylated adenine form), rather than node 3 (a puromycin analogue
of monomethylated adenine form) suggested the compound 8 is an analogue of

compound 7 in non-methylated adenine form (Fig 5.8).

However, we cannot exclude other possible structural assignments (for example, Fig

5.7:7’,8’) of compounds 7 and 8 based on our current MS/MS spectra results (Fig 5.8).

The extracted LC-MS chromatograms of compounds 1-8 are provided in Fig 5.9.
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Fig 5.9 Extracted LC-MS chromatograms of compounds 1-8

5.5 Conclusion and discussion

In this study, we combined the heterologous expression platform with molecular
networking, identified several potential new analogues of existing natural products
scaffolds, and assigned tentative structures for those analogues. However, the
production of these analogues was low, thus preventing compound isolation and

structure elucidation by NMR.

We attempted several strategies to activate the pathway BGC031, which was
remained silent in the S. albus 11074 host. We first introduced the two broad-selective
PPTases to S.albus 11074 harboured BGC031, and successfully activated the silent
heterologous expression system albus_031. PPTases catalyse the conversion of carrier
proteins (T or ACP) from inactive to active forms, which is an essential step for
initiating the biosynthesis of NRPS and PKS.'”"'° BGC031 is a nucleoside type BGC,
which means that no carrier protein is needed during the biosynthesis. However, we
noted that the expression of BGC031 in S. albus J1074 is PPtase-dependent, suggesting
that PPtases may have participated in broader biological processes than initially

thought (Fig 5.3).

Next, we transferred this pathway to another heterologous expression platform, S.
albus Dell4, a “cleaner” version of S. albus J1074. The results showed that this
pathway can be readily expressed without any further pathway engineering. This

finding is consistent with the claim that a cleaner secondary metabolite background
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can improve detection limits and vyields.”® The fermentation system was also
supplemented with two trace elements believed to facilitate sporulation. We
observed improved production yields of the target compound (Fig 5.3). Certain types
of antibiotic production are closely correlated with sporulation, either during

127

germination or after'?/, so factors that facilitate successful germination may also

contribute to successful fermentation.

purl0 and pur6 genes on the original puromycin BGC (Genbank: X92429.1) contain
TTA codons. TTA codon is a rare codon usage in GC rich genomes, and the availability
of bldA gene product tRNAVYYA is a limiting factor for BGCs expression. We did not
detect any TTA codons on our BGC0031, suggesting that the regulation system of
BGCO031 is different from the original puromycin BGC, independent of the bldA gene
product (Fig 5.2).12>128

There is a good understanding of the biosynthesis events of puromycin, but its
intermediates are only proposed based on enzymatic logic rather than confirmed
through chemical evidence. 12%124125123,130 The GNPS molecular networking enabled
us to identify several puromycin congeners (Fig 5.5). We are able to map compounds
3,2,1 and 6 back to the well-characterised puromycin BGC (Fig 5.10a, upper), thus
compounds 5,4 could either be the shunt products due to the promiscuity of
methyltransferases or indicate the formation of a bypass during the biosynthesis of

puromycin (Fig 5.10a, lower).

In addition, we identified two puromycin analogues that cannot be placed in the pur
pathway. Thorson and co-workers determined a new cryptic puromycin analogue, on
which the appended amino acid is leucine. Our HRESIMS/MS analysis showed that
compound 7 could be the puromycin B Thorson group reported. If this is the case, we
can place compounds 7,8 to a new divergent pathway, incorporating leucine rather

than tyrosine (Fig 5.10b).
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Fig 5.10 Proposed biosynthesis of BGC031

a. Intermediates deduced from MS/MS spectra suggested a bypass in BGC031 biosynthesis

b. New analogues deduced from MS/MS spectra suggested the incorporation of different amino
acid

Compounds/mass and routes not reported in previous studies are coloured in blue.

5.6 Methods

5.6.1 General experimental procedures

Reversed-phase column chromatography was obtained using PhenoSphere-NEXT™
C18 column (3 um €18 120 A, LC Column 150 x 4.6 mm) according to the parameters
described by Qu and co-workers'®. UV/vis spectra were extracted from HPLC

chromatograms.

A semi-preparative column (NUCLEODUR C18 HTec, 5 um, 125x21 mm) was used for
compound isolation and purification with the protocol and parameters listed in Table

5.2. Compounds are purified in two rounds.
The molecular network in
Fig 5.6 was generated using the workflow described in Chapter 2.4.2.

The NMR was acquired using Qu’s parameters®®, recorded and processed following
Chapter 2.4.3’s description. The residual solvent peak was used as an internal chemical

shift reference (DMSO-ds: 6¢ 39.52; 6 2.50).
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Table 5.2 HPLC protocol and parameters

Time (Min) | A (%) | B (%)
0 95 5

30 0 100
33 0 100
34 95 5

40 95 5

DAD (nm): 268

Flow (mL/min): 4.0
Round 1:

A: H,0+5 mM NHsAc
B: ACN

Round 2:

A: H,0+5 mM NHsAc
B: MeOH
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5.6.2 Pool testing (screening) and validation of BGC031

80 yeast transformants were picked up using toothpicks and transferred onto 8x10
grid new agar plates (as depicted in Fig 2.6a). Colonies from Plate-Replica 1 were then
grouped into 10 pools (columns) and each pool was tested using primer 031_0
FORWARD/REVERSE. Positive pool(column) F was selected and entered the second
round of screening (Fig 5.11a). Primer 031_0 FORWARD/REVERSE was used to screen
the 10 individual yeast colonies in column F (Fig 5.11b). Positive yeast colonies were
verified using three sets of primers (031_0-2 FORWARD/REVERSE) in the third round
of screening (Fig 5.11b). The verified YAC was then transferred to E. coli EC100. The

resultant BAC was verified by digestion pattern analysis (Fig 5.11c).

a b

—_— Ll
column: — column F: ]

AE A C L R 1 2 3 RNcEEel 7 8 9 10
L — — — - -
031_0 FORWARD/REVERSE 031_0 FORWARD/REVERSE
'G i = d
MW 1 2
= bp

F3 F4 F5 F7 F8neg  F3 F4 F5 F7 F8 neg

e — — — S ——— —
- — -
031_0 FORWARD/REVERSE 031_1 FORWARD/REVERSE

F3 F4 F5 F7 F8 neg

restriction digestion (Scal)

031_3 FORWARD/REVERSE ! 125—

Fig 5.11 Screening and validation of BGC031

a. The first round of pool testing (screening) of yeast colonies using primer 031_0
FORWARD/REVERSE. 80 colonies were grouped into 8 pools at this round.

b. 10 Yeast colonies from the positive pool (column F) were individually screened using primers
031_0 FORWARD/REVERSE.

c. The positive individual colonies were verified using full sets of primers.
BACO31 was digested using Scal, and the digestion pattern matched the simulated agarose gel
prediction generated by SnapGene.
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5.6.3 Fermentation and metabolites extraction

The desired hosts (albus_pTARa, albus 031, albus_031-plJ2449, dell4 pTARa,
dell4_031) was plated on 12-well plate (Interlab, TCP-000-012) or 150mm Petri Dish
(Interlab, PD-141) containing ISP4 agar. Following 10 days (30 °C) of incubation, the
agar was harvested, soaked overnight in equal volumes of ethyl acetate, sonicated for
20 minutes, and then vacuum dried (30 °C). The dried extract was then redissolved in
MeOH, and filtered through PTFE Syringe Filters (Sterlitech, 1470424) to remove
particles. Crude extracts were subjected to HPLC for metabolite profile analysis,

compound isolation, and LC-MS/MS for GNPS molecular networking.

5.6.4 Construction of albus_031 PPTase overexpression

strain

pWHU2449 is a vector equipped with an aprR (apramycin resistance marker), the
phage $C31 integrase and two broad-selective PPtase genes, sfp from B. subtilis and
svp from S. verticillus, under the control of the ermE* promoter (Fig 5.12).2° As pTARa
and pWHU2449 possess the same resistance marker (aprR) and integration system
(pC31), it was not possible to use pWHU2449 directly. Therefore, the gene fragment
sfp-svp amplified from pWHU2449 was cloned into Ndel-Pacl linearised plJ10257 to
generate pll2449 (Fig 5.12). The resultant gene cassette ermE*-sfp-svp was
conjugated to the ¢pBT1 of the albus_031 heterologous expression strain and selected

with hygromycin to yield albus_031-plJ2449.
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Fig 5.12 Construction of plJ2449
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Chapter6 Novel Type 2 Polyketide
Identified by Heterologous Study of BGC005

6.1 Introduction

Angucyclines are the most prevalent natural product class biosynthesised by T2PKS,
which exhibit a variety of chemical scaffolds and bioactivities.’3' For instance,
marmycin A, isolated from a marine sediment-derived actinomycete, exhibited
significant cytotoxicity.'3? Lomaiviticin A, discovered from Salinispora pacifica,

remains one of the most cytotoxic substances to date.!33:134

Angucyclines typically possess a four-ring (rings A-D) aromatic polyketide skeleton.'3>
A unique family of oxygenases can initiate the B ring C—C bond cleavage and
subsequent rearrangement during the post-tailoring process, leading to the formation
of atypical angucyclines with intriguing chemical structures.!®® The current
biosynthesis knowledge of atypical angucyclines has been primarily gained from
studies of jadomycin®¥’, gilvocarcin®38, and lomaiviticin®3°. In the present study, we
identified two compounds produced by an unreported atypical type 2 polyketide
biosynthetic pathway found on the genome of New Zealand lichen sourced
Streptomyces sp. 438-3. We herein describe the isolation, structure elucidation,
biological activity evaluation, and biosynthesis of the new bacterial aromatic

polyketide JB1081B (9).

6.2 Molecular networking and antiSMASH analysis

During our large-scale heterologous expression project (discussed in Chapter 4), our
python assisted GNPS workflow helped us identify and locate several clusters of nodes

mainly composed of precursor ions that were pathway BGC005 specific (Fig 6.1).

antiSMASH*3 analysis of the sequenced genome of the producing strain Streptomyces

sp. 438-3 revealed 34 BGCs; among which, BGCO05 was the only Type Il polyketide
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pathway identified (Fig 6.2a). BGCOO05 spans a DNA region of 77 kb and contains 69
ORFs (Fig 6.2b). The genes on the BGCO05 can be subclassified into several functions
(Fig 6.2b), including Type Il PKS (minimal PKS system and starter unit generation) and
modification enzymes, amino sugar biosynthesis, transporters, and regulators (Fig

6.2b, Table 6.1).
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Fig 6.1 GNPS molecular networking and selected MS profiles.

Molecular networking (central) was generated using crude extracts of del14_pTARa (negative control),
del14_004, del14_005, del14_009, dell4 014 and del14_016. Through the python assisted GNPS
analysis workflow, several BGC0O05 specific clusters (highlighted in red) were identified. Extracted
chromatographs (left and right) were generated along the python pipeline and used to confirm that
those nodes/ions are true positive signals that were only present in the del14_005 metabolic profile
but not in dell4_pTARa.
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Fig 6.2 Chemical classes and BGCQO5 identified using antiSMASH
a. BGC and chem_classes presented on the chromosome of strain Streptomyces sp. 438-3.
b.  Gene cluster organisation of the only T2PKS BGCQ05

Table 6.1 Deduced functions of the genes on BGC0O05

Gene aa size proposed function Gene aa size proposed function

ctg4 359|213 Er\g/tr;slecular weight phosphatase family ctg4 394298 glucose-1-phosphate thymidylyltransferase RfbA

ctg4 360|215 threonylcarbamoyl-AMP synthase ctg4 395|234 antibiotic biosynthesis monooxygenase

ctg4 361|301 Release factor glutamine methyltransferase |ctg4 396|377 glycosyltransferase

ctg4 362|363 peptide chain release factor 1 ctg4 397|373 acyltransferase

ctg4 363 |75 508S ribosomal protein L31 ctg4_398 241 class | SAM-dependent methyltransferase

ctg4_364 366 LCP family protein ctg4_399 193 NAD(P)H-dependent oxidoreductase

ctg4_365 563 trypsin-like serine protease ctg4_400 400 glycosyltransferase

ctg4_366 694 transcription termination factor Rho ctg4 401|209 dTDP-4-dehydrorhamnose 3,5-epimerase

ctg4 367|306 homoserine kinase ctg4_402 369 DegT/Dnr)/EryC1/StrS family aminotransferase

ctg4_ 368|356 threonine synthase ctg4 403|336 NAD-dependent epimerase/dehydratase

ctg4_369 435 homoserine dehydrogenase ctg4_404 1484 NDP-hexose 2,3-dehydratase family protein

ctg4 370|463 diaminopimelate decarboxylase ctg4 405|497 FAD-dependent monooxygenase

ctg4 371|333 hypothetical protein ctg4 406|416 class | SAM-dependent methyltransferase

ctg4 372|141 response regulator ctg4 40711054 |AAA family ATPase

ctg4 37381 hypothetical protein ctg4 408|337 ATP-binding cassette domain-containing protein

ctg4 374224 hypothetical protein ctg4_409 297 ABC transporter permease

ctgd 375|392 cytochrome P450 ctg4 410|832 girt;z:;er; and nitrite sensing domain-containing

ctg4 376 |64 ferredoxin ctg4 411|134 roadblock/LC7 domain-containing protein

ctg4 3771343 3-oxoacyl-ACP synthase ctg4 4121401 ABC transporter substrate-binding protein

ctg4 378|326 acyltransferase domain-containing protein | ctg4 413|697 ABC transporter permease

ctg4 379|112 Teml family type |l polyketide cyclase ctg4 414264 ABC transporter ATP-binding protein

ctg4 380|418 betg—ketoac.yl-[acyl—carner-protem] synthase ctg4 415|245 ABC transporter ATP-binding protein

family protein

ctg4_381 403 ketosynthase chain-length factor ctg4 416405 FAD-dependent monooxygenase

ctg4_382 |89 acyl carrier protein ctg4 41779 hypothetical protein

ctg4 383|261 3-oxoacyl-ACP reductase FabG ctg4 418241 hypothetical protein

ctg4 384|310 aromatase/cyclase ctg4 419|894 glycogi(je hydrolgse family 97 catalytic domain-
containing protein

ctg4_ 385|504 FAD-dependent monooxygenase ctg4 420|144 VOC family protein

ctg4 386|256 SDR family oxidoreductase ctg4 421|334 Ku protein

ctg4 3871409 FAD-dependent oxidoreductase ctg4 4221294 non-homologous end-joining DNA ligase

ctg4_388 356 hypothetical protein ctg4 423|133 zinc-ribbon domain-containing protein

ctg4 389|248 response regulator transcription factor ctg4 424|160 SH3 domain-containing protein

ctg4 390|277 aldo/keto reductase ctg4 4251476 FtsW/RodA/SpoVE family cell cycle protein

ctg4 391|117 hypothetical protein ctg4_426 1485 penicillin-binding protein

ctg4 3921330 dTDP-glucose 4,6-dehydratase ctg4 42798 hypothetical protein

ctg4 393|376 acyl-CoA dehydrogenase family protein
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6.3 Characterisation of compounds 9 and 10

Previous studies reported that crosstalk can take place between the heterologous
expression host and the introduced T2PKS BGC, resulting in the occurrence of unusual
congeners.}49141 So 35 a next step toward characterising the “genuine” BGC005
related metabolites, crude extracts from the fermentation of the native producing
strain were obtained. We purified compound 9 from solid fermentation (Fig 6.3@@)
and compound 10 (Fig 6.3@@) from liquid fermentation. Two compounds displayed

similar UV absorption patterns to previously reported T2PKs.14?
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Fig 6.3 HPLC traces (@UV 430 nm) and UV-vis spectra of compounds 9 and 10

Structural elucidation work of compound 9 (JB1081B, Fig 6.4) was done by Dr Helen

Woolner and Dr Joe Bracegirdle and provided in Appendices 17-22.

Compound 10 was obtained as a yellow film. Analysis of the 'H NMR, COSY, HSQC,
HMBC (provided in Appendices 23-27) and HRESIMS data revealed that compound 10
was homorabelomycin (Fig 6.4), a shunt product reported from studies on gilvocarcin

biosynthesis by Rohr's group.43
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Fig 6.4 Structures of compounds 9 and 10.

6.4 Strategy for starter unit generation

Malonyl-CoA is a commonly used starter unit primed onto the ACP in the minimal PKS
system. Consequently, most polyketides constructed in this way possess a terminal
methyl group.?’ The ethyl tails of compounds 9 and 10 (Fig 6.4) suggest the usage of
alternate starter units. Apart from the conventional ACP (Ctg4 382, Fig 6.2b, coloured
in maroon) in the minimal PKS system, ctg4 377 (Fig 6.2b, Table 6.1) encodes a second
ACP, showing 66.67% identity to CosE (ABC00733.1). CosE (Fig 6.5a, highlighted in
yellow) is a ketoacylsynthase llI-type condensation enzyme responsible for loading the
propionyl-CoA starter unit in cosmomycin biosynthesis.’** Homologous analysis
revealed that the BGCOO5 pathway does not contain homologs of Lom62 (Fig 6.5a,
coloured in green), a bifunctional acyltransferase/decarboxylase that is involved in A-
ring ethyl group installation during lomaiviticin biosynthesis.'> These implied that the
biosynthesis of compounds 9 and 10 employs a starter unit generation strategy similar
to that of cosmomycin, which catalyses an initial Claisen condensation between
propionyl-CoA and malonyl-ACP. The resultant diketide is then introduced onto the
KSa/B complex, where it participates in the downstream chain elongation process (Fig

6.5b).144.145

Inspection of the GNPS molecular networking identified a node (m/z 299.09) directly
connected to compound 9 (Fig 6.5c, left). The (-)-HRESIMS fragmentation of
compound 9 mainly produced two types of fragments: naphthalene-type fragments
(daughter ions m/z 173.061 and 215.072) and anthracene-type fragments (m/z
253.086 and 295.099) (Fig 6.5c, right). Four major ions were observed in the negative

mode MS/MS of node_299.09: 173.060, 215.071, 239.070 and 281.080. Alignment of
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the MS/MS spectra of node_299.09 with compound 9 suggested that the first two
rings on these two compounds are identical. The mass difference of 14 (methyl group)
took place in the starter unit region of the third ring. Taken together, the MS/MS
spectra indicated that node_299.09 corresponds to a demethylated homologue of

compound 9 (Fig 6.5¢, right).

The above results suggested the existence of two starter unit generation strategies
during biosynthesis: one adopts the extra ctg4_377 ACP (Fig 6.5b), and one uses the
conventional ACP (Fig 6.5d).
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Fig 6.5 Chemical evidence showed that there were two starter unit generation strategies in BGC005

a. Homologous alignment of BGCO05 and two other T2PKS BGCs encoding polyaromatic
compounds possessed ethyl tails

b.  Starter unit generation strategy for compounds 9 and 10 using a second ACP (Ctg4_375)
Negative ion mode HRESIMS GNPS molecular network contained compound 9 and spectra
alignment of compound 9 and node_299.09. The edge is labelled in red by the cosine score.

d.  Starter unit generation strategy for node_299.09 using the conventional ACP (Ctg4_382) in the
minimal PKS system
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6.5 Ring-opening oxygenase

BLAST analysis revealed that Ctg4 395 shared the highest homology with an
uncharacterised antibiotic biosynthesis monooxygenase (89.52%, WP_132820917.1).
This gene family is found exclusively on atypical T2PKS BGCs, mediates B-ring opening,
and in conjunction with other enzymes, initiates the subsequent B-ring modification
during biosynthesis of atypical angucyclines (Fig 6.6). 1367139 There are three types of B
ring modifications known so far: ring rearrangement (Fig 6.6, blue route), non-
enzymatic amino acid incorporation (Fig 6.6, green route) and ring contraction (Fig 6.6,

pink route).

The homology analysis of BGCOO5 revealed no genes involved in diazo assembly,
precluding a mechanism of B ring contraction similar to that deduced for the
biosynthesis of lomaiviticin!3® and other benzofluorene-containing angucyclines'#6-148
(Fig 6.6 pink route & Fig 6.7a, region highlighted in pink). In addition, BGCO05 has no
homologs like GilM (Fig 6.6 blue route & Fig 6.7a, gene in blue), a key multifunctional
enzyme catalysing B-ring rearrangement during biosynthesis of gilvocarcin-type
compounds.’38149 A phylogenetic analysis (Fig 6.7b) of these ring-opening oxygenases
confirmed they formed a unique clade, and each subclade within this clade
corresponded to distinct core structures of atypical angucyclines. The homology and
phylogenetic analyses indicated that the final product of the BGC0O05 pathway is likely
to be an atypical angucycline that either underwent a jadomycin-like modification (Fig
6.6 green route & Fig 6.7a, gene in purple) or a ring-opening process not previously

reported.
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Fig 6.6 Current knowledge about the enzymes involved in the biosynthesis of different types of
atypical angucycline skeletons
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Fig 6.7 BGC comparison and phylogenetic analysis of the ring-opening enzymes

a. Gene cluster comparison of typical T2PKs BGC (mayamycin), atypical T2PKs BGCs (gilvocarcin,
lomaiviticin, jadomycin) and BGCO05. The ring-opening enzymes (gene in purple) can be only
found in atypical T2PKS BGCs and BGC005 but not on typical T2PKS BGC.

b.  Phylogenetic analysis of ring-opening enzymes from atypical BGCs and BGC005. Two FAD-
dependent monooxygenases (Ctg4_405, Ctg4_385) on the BGCO05 were used as an outgroup.
Different colour strips correspond to different atypical angucyclines skeletons depicted in Fig 6.6
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6.6 Biosynthesis of compounds 9, 10

To further confirm that 9 and 10 are products of BGC0O05, we checked the metabolic
profiles of the heterologous expression strains and two knockout models. Both 9 and
10 were readily detectable in the heterologous expression strain (Fig 6.8), indicating
that compounds 9 and 10 are “genuine” BGCO05 related metabolites and can be
biosynthesised both natively in the producing strain and heterologously in S. albus

Dell4.

del14_BGCOO0S_PKSKO (solid)

438-3 (liquid)
438-3 (solid) . .
del14_BGCOOS5 (solid P

0 5 10 15 20 25 0 5 10 15 20 25

Fig 6.8 The detection of compounds 9 and 10 in different strains.

a. Extracted LC-MS chromatograms (from formula CisH17Os, corresponding to compound 9) of the
crude extracts from heterologous expression strain (dell4_BGCO005), native producing stain
(438-3, solid and liquid fermentation), ring-opening enzyme mutant strain
(del14_BGC0O05_AbXOKQO), minimal PKS system mutant strain (del14_BGC005_PKSKO).

b. Extracted LC-MS chromatograms (from formula CxHisOs, corresponding to compound 10) of
the crude extracts from heterologous expression strain (del14_BGCQ05), native producing stain
(438-3, solid and liquid fermentation), ring-opening enzyme mutant strain
(del14_BGC0O05_AbXOKQO), minimal PKS system mutant strain (del14_BGC005_PKSKO).

The heterologous expression and PKS knockout model demonstrated that the
nonaketide (Compounds 9) and the decaketide (Compounds 10) were constructed by
the collective action of Ctg4d 380 - Ctg4_ 382 from eight malonyl-CoAs (Fig 6.9a) and
nine malonyl-CoAs (Fig 6.9b), respectively. Following this, both nascent chains were
subjected to C9-ketoreduction through the ketoreductase Ctg4 383. Cyclases
Ctgd 379 and Ctgd 384 subsequently catalysed the cyclisation to convert the
intermediates into 9 (cyclisation pattern: C7/C12, C5/C14, C4/C17) and 10 (cyclisation
pattern: C7/C12, C5/C14, C4/C17, C2/19).

The co-occurrence of compounds 9 and 10 in the native producing strain (Fig 6.8)

indicated that the KSB (the chain length control enzyme Ctg4_381) exhibited a loose
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control over chain length, allowing the formation of nonaketide and decaketide

simultaneously.

The detection of compounds 9 and 10 in the ring-opening oxygenase (Ctg4_395)
knockout model (del14_BGC005_AbXOKO) suggested that the biosynthesis of these

two compounds (9 and 10) did not undergo any ring-opening/rearrangement (Fig 6.8).
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Fig 6.9 Proposed biosynthesis of compounds 9 and 10.
The divergent biosynthetic routes for nonaketide and decaketide indicated the loose control over
chain length during T2PKs biosynthesis.

6.7 Bioactivity testing

The antibacterial activity of newly isolated compound 9 was evaluated against strains
of Bacillus subtilis E168, Escherichia coli (TolC deficient), and Staphylococcus aureus. A
strong inhibitory effect of compound 9 was observed against S. aureus (2 ug/mL,
Table 6.2).

Table 6.2 Minimum inhibitory concentration (MIC) values for isolated compound 9 against a range
of bacteria

Test Culture MIC {g/ml) .
compound 9 kanamycin
B subtilis E168 32 2
E. coli (TolC-deficient) 32 2
S. aureus 2 1

6.8 Ongoing work toward finding final products of BGC005

In order to search for the final products of BGCO05, metabolites of BGCO05 and
BGCO05_AAbXO were eluted from HP20 co-incubated in the R5A liquid (14 days, 30 °C)
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and fractionated on a benchtop LH20 column.

Although the colour differences (Fig 6.10) between metabolites of del14_005 and the
corresponding AbXO knockout model (dell4_005AAbX0O) suggested that the
biosynthesis of BGCO0O5 went much further than we currently obtained, since the
compounds we isolated did not require the action of this gene (compounds 9 and 10
were still present when abXO gene was knocked out, Fig 6.8). After extensive
investigation, we still failed to observe any differences (peaks) when running HPLC or
MS, thus unable to identify the final products. These failures indicated that future
work should focus on alternative chromatography or separation mode to isolate and

characterise the final products of this BGC.

dell4_005AAbXO
dell4_005 Fr1-3 Frl-2

Fig 6.10 Metabolites from del14_005 and del14_005AAbXO.

Both metabolites were eluted from HP20 co-incubated in R5A liquid (14 days, 30 °C) and fractionated
on a benchtop LH20 column. The colour differences indicated dell4_005 produced additional
metabolites when compared to knockout control models (del14_005AAbXO).

6.9 Conclusion and discussion

In conclusion, JB1081B (compound 9) is a new polyaromatic natural product

synthesised from a previously unreported, atypical T2PKS pathway and exhibited
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significant antibacterial activity against S. aureus. The KSB (also known as chain length
factor) has long been recognised as the key factor in polyketide chain length
modulation.?® However, sloppy chain length control has been reported previously.
Using a heterologous expression strategy, Moore’s, and Zhang's groups, respectively,
have shown that expressing T2PKS systems in heterologous hosts can form a set of
aromatic polyketides with diverse sizes and cyclisation patterns. These findings
suggested that unidentified/unrelated enzymes in the host may crosstalk with the
introduced T2PKS system and affect the backbone length and folding pattern.149141
Several knockout/inactivation studies have also identified that certain oxygenases can
play a role in determining chain length.?>915! These facts indicate that KSB alone
cannot fully dictate the length of nascent poly-B-ketone chains. Instead, a more
complicated and sophisticated/complex system governs the chain length control. The
identification of JB1081B (9) and homorableomycin (10) provides additional support
for the hypothesis that promiscuous chain length control also exists in native/non-

manipulated host systems.

Unfortunately, the detection of JB1081B (9) and homorableomycin (10) in the ring-
opening knockout model indicated that these two compounds are early metabolites
rather than post-PKS tailoring products (Fig 6.8). Work is ongoing to characterise the

final products of this pathway.

Finally, New Zealand has a wide variety of lichen species, the microbiomes of which
remain understudied for their potential to produce novel natural products.®'® Our
data suggested that this natural resource is a fruitful avenue for discovering novel

antimicrobial compounds and intriguing biosynthesis events.

6.10 Methods

6.10.1 General experimental procedures

Reversed-phase column chromatography was obtained using PhenoSphere-NEXT™
C18 column (3 pm €18 120 A, LC Column 150 x 4.6 mm) according to the parameters

described in Table 2.10. UV/vis spectra were extracted from HPLC chromatograms.



A semi-preparative column (NUCLEODUR C18 HTec, 5 um, 125x21 mm) was used for
compound isolation and purification following the protocol and parameters listed in

Table 2.11. Compounds are purified in two rounds.

The molecular network was generated using the workflow described in Chapter 2.4.2.

The NMR data were recorded and processed following Chapter 2.4.3’s description.
The residual solvent peak was used as an internal chemical shift reference (CDCls: 6C
77.2; 8H 7.26).

6.10.2 Fermentation and metabolites extraction

For liquid fermentation:

To establish the seed culture, glycerol stock of Streptomyces sp. 438-3 was inoculated
into 10 mL R5A liquid in a centrifuge tube. Two 2.5 L Ultrayield flasks (Thompson)
containing R5a medium (1 L) with Diaion HP20 (30 g) were inoculated with 5 mL of
seed culture after 72 hours of growth (30 °C, 200 rpm). HP20 beads were then
harvested after 14-day cultivation (30 °C, 200 rpm), washed extensively with water,
and extracted with MeOH (300 mL), which was then dried under vacuum at 30 °C. The
dried extract was then reconstituted in MeOH. From the crude extracts, we purified

compound 10. Compound 10 was obtained as a yellow film.

For solid-phase fermentation:

The desired hosts (del14_005, dell4_pTARa, dell4_005APKS, dell4_005AAbXO,
Streptomyces sp. 438-3) was plated on 12-well plate (Interlab, TCP-000-012) or
150mm Petri Dish (Interlab, PD-141) containing R5a agar. Following 14 days (30 °C) of
incubation, the agar was harvested, soaked overnight in equal volumes of ethyl
acetate, sonicated for 20 minutes, and then vacuum dried (30 °C). The dried extract
was then redissolved in MeOH, and filtered through PTFE Syringe Filters (Sterlitech,
1470424) to remove particles. Compound 9 was purified and obtained as a yellow film

from the crude extract of Streptomyces sp. 438-3 solid fermentation.
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6.10.3 Bioassays

An established minimum inhibitory concentration (MIC) protocol*>? was used to test
the antimicrobial activity of compound 9 against B. subtilis E168, E. coli (TolC-deficient),
and S. aureus. Three single colonies of each test strain were inoculated in LB and
incubated overnight (30 °C, 200 rpm), which were then diluted (1:500) using Mueller—
Hinton broth. The stock solution of Compound 9 was prepared at 50 mg/mL in DMSO
and was further diluted in 2-fold serial dilutions in 96-well plates. Each 96-well plate
well contained 190 pL diluted testing strain culture and 10 pL diluted Compound 9.
The plates were then shaken at 30 °C, 200 rpm for 16—20 h. The microbial growth was
assessed by measuring the absorbance of each well at 600 nm (Enspire 2300 multilabel
reader, PerkinElmer; Waltham, MA, USA). The tests were carried out in biological
triplicate. The positive control was kanamycin, while the negative controls were DMSO

and media-only.

6.10.4 Cloning of the BGCO0O05 cluster

See Chapter 2.3.

Gene fragments and primers are provided in Appendix 8.

6.10.5 Construction of the mutant strains

Knockout models were obtained by in vivo Red/ET reaction. The knockout process was
conducted according to the manufacturer's instructions (GENE BRIDGES, Quick & Easy

E. coli Gene Deletion Kit).
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Chapter 7 Conclusion and Future work

7.1 Genomic-driven exploration of lichen associated

actinobacteria

A major focus of this thesis was exploring the possibility of using New Zealand lichens
as an alternative ecological niche in search of new bioactive natural products. We
began our journey by isolating actinobacteria from lichens spanning New Zealand and
then prepared NGS libraries using a high-throughput workflow that we developed in-
house. 332 of the 480 sequencing libraries yielded qualified data that were suitable

for downstream analysis.

First, we evaluated the taxonomic diversity of the 332 sequenced isolates. OQur
assigned isolates (166) have relatively low ANI values (> 95%, < 98%) compared to their
closest GTDB-Tk reference genomes.”> The majority (166, 50%) of our sequenced
isolates remain unclassified and can only be categorised as unassigned species within
their respective genera. The results demonstrate the novelty of actinobacteria

assemblages in New Zealand lichens.

The resistome predictions revealed the abundance and diversity of resistance genes
in the actinomycetes from New Zealand lichens. The high abundance of B-lactamases
was consistent with the fact that certain soil microorganisms were B-lactam
producers.’> Further analysis of the evolutionary distance of lichen sourced
resistance genes to known AMR genes can help us infer the potential impact of the

lichen sourced AMR gene on human health.

To evaluate the BGC diversity and novelty, we mapped our identified BGCs to a pre-
built GCF model.”” Among our 8601 BGCs, 3.74% BGCs are "orphans" in the GCF model,
indicating these BGCs are genetically divergent from the 1.2 million BGCs. However,
genetic divergence does not always reflect chemical novelty, so we next grouped the
BGCs based on the potential chemical space they occupied by associating our query
BGCs to the MIBiG reference BGCs using a new analysis method. Finally, we selected
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several cryptic BGCs mined from our current datasets to carry out the functional study.

This study demonstrated the feasibility of working with cost-efficient sequencing data,
and illustrated a pipeline for systematically evaluating large-scale BGC datasets. The
preliminary comparison result of our dataset (Fig 7.1: lichen) with Streptomyces from
insects (Fig 7.1: insect), oceanic biofilm-forming microbiome (Fig 7.1: marine) and New
Zealand soil environmental DNA cosmid libraries (Fig 7.1: soil) highlighted the
previously understudied cohort of actinobacteria associated with New Zealand lichens
as a potentially rich and unique (Fig 7.1a) biosynthetic resource for the discovery of

novel (Fig 7.1b) secondary metabolites.
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Fig 7.1 BiG-SLICE comparison analysis of four environmental datasets.

a. Venn diagram showing the distribution of all BiG-SLICE GCFs in the four environmental datasets.
557 GCFs were unique to the lichen dataset.

b. BiG-SLICE membership assignments for four environmental datasets. 3.74% BGCs in the lichen
dataset have orphan memberships, while 0.8%, 2.54% and 1.8% of the insect, marine and soil BGCs
are ‘orphan’ BGCs.

7.2 Gene cluster and metabolites from BGC031

This section describes the heterologous expression and pathway refactoring of a
puromycin-like BGC isolated from an actinomycete from New Zealand lichens. It was
found that the yields of the pathway could be enhanced by overexpressing the PPtases
or incorporating specific trace elements into the medium. These facts suggested a

different regulation network existed in BGC031 from those previously reported.'?

This part also demonstrated the feasibility of using GNPS to uncover new variations of
compounds and biosynthetic logic from previously investigated pathways. Even

though antiSMASH calculated that BGC0O31 has 100% biosynthetic similarity to a
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known puromycin pathway, cutting-edge MS/MS platform GNPS enabled the
discovery of novel puromycin congeners (Fig 5.5). We traced part of the congeners
back to the well-characterised puromycin pathway, while the remainders suggested a
bypass (Fig 5.10a) and divergence (Fig 5.10b) in the biosynthesis of BGC031. This
discovery will stimulate the future exploration and validation of the biochemical
transformation mechanisms. One potential application of the new knowledge could

be generating new puromycin congeners with enhanced bioactivities.

7.3 Gene cluster and metabolites of the BGC005

Here, we have used our in-house GNPS workflow to rapidly identify several pathway-
specific molecular families from the complex heterologous expression systems and
leading to the successful validation and characterisation of a new compound from one
of our Streptomyces sp. (strain 438-3) that exhibited significant antibacterial activity

when tested against S. aureus.

Many intriguing biosynthesis events took place during the biosynthesis of BGCO05. An
uncommon starter unit generation strategy has been uncovered, and different starter
unit choices have also been observed. Sloppy chain length control has been reported
previously in heterologous expression systems!494! and engineered strains*%'>!, The
identification of JB1081B (9) and homorableomycin (10) supported the hypothesis
that the promiscuous chain length control also existed in the native/non-manipulated

host system.

Additionally, based on the presence of AbXO gene on BGC005, BGCOO5 is proposed to
encode an atypical angucycline. Atypical angucyclines (BGCs) are rare. Based on the
sugar biosynthesis genes on BGC005 and phylogenetic placement of AbXO genes, we
believe we identified a novel atypical angucycline BGC sourced from New Zealand. 137~
139 Current failure of identifying the BGCOOS5 final products suggested that future work
should focus on alternative separation (e.g., HILLIC column) and detection mode (e.g.,

APCI-MS) to isolate and characterise the final products of this BGC.
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7.4 MbtH-like protein

Our heterologous expression results indicated that most of the NRPS-related
pathways we selected were silent or poorly expressed. Among those NRPS-derived
BGCs, the presence of the MbtH-like protein is a conserved feature. It has become
clearer that MbtH-like proteins are crucial to bacterial NRPS biosynthesis. In the
absence of DptG, an MbtH-like protein on daptomycin BGC, the production of
daptomycin is reduced.’® The knockout of an MbtH-like protein GplH caused the
abortion of glycopeptidolipids production.'> According to a recent study, certain
MbtH-like proteins can also function as chaperoning proteins for NRPSs, promoting
the folding, stability, and solubility of NRPSs. Driessen's group successfully stimulated

filamentous fungi NRPS synthesis by using several bacterial MbtH-like proteins.1>®

Reexamination of our antiSMASH results revealed that the ratio of MbtH homologs
per genome and the NRPS regions per genome is not always 1:1 (Fig 7.2). The result
supported previous findings that one MbtH homolog may crosstalk with more than
one NRPS BGCs.>*%6 |nspired by the Qu group PPtase-based activation strategy®®,
future work could aim at constructing an MtbH-like protein-based global activation

system.
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7.5 Culture First vs. Genetic First

In the golden age of antibiotic discovery, bacteria were isolated, cultivated and
screened for antibiotic activity. However, only bioactive compounds were
characterised through the culture-first approach, and the chemical potential of the

bacteria was not fully tapped.

With the advances in genome sequencing and data analysis, sequencing the bacteria
genome and genome mining allowed scientists to gain insight into the biosynthetic
potential bacteria harboured. Genetic-first approach enabled us to choose the

bacteria/pathways we wanted to culture and study in a smarter, more targeted way.

In this thesis project, through genome mining, we did the heterologous expression
study of the selected BGCs and fermentation study of the native producing strains of

the BGCs in parallel (data not shown).

Genome mining-based study yielded several promising findings:
BGCOO05 is proposed to encode a rare atypical angucycline. So far, only less than
10 atypical angucyclines have been reported. Atypical angucyclines are usually
good anticancer drug candidates.34137,143,146,149
We also identified several BGCs that are proposed to encode antibiotics like
daptomycin and vancomycin. These would be promising leads to the fight against

the antibiotic (resistance) crisis.

While we did not have much luck in the culture-based study, we still found two

interesting, unexpected instances listed below.

7.5.1 New lanthipeptides detected from the BGC009

producing strain

The unsuccessful heterologous expression of one of our pathways (BGC009) led us to
go back to its producing strain. While conducting conventional fermentation of
BGCO09 producing strain, we still failed to link any metabolites to pathway 009 but

were able to identify a new molecular family consisting of potential new
136



lanthipeptides with masses around 3000 Da (Fig 7.3). When revisiting the antiSMASH
result of BGCO09 producing strain, we found one candidate BGC, and its predicted
peptide (Fig 7.4) matched one of the parent ions (Fig 7.3, node highlighted in yellow).

This Molecular cluster/BGC could be a good lead for further study.
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Fig 7.3 A GNPS molecular network identified in the BGC0O09 native producing strain.
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The high molecular weight in Fig 7.3 molecular networking led us to revisit the antiSMASH result of
BGCO009 producing strain with a focus on peptide-like BGCs. We found that a core peptide from one
candidate lanthipeptide BGC matched the highlighted parent ions in Fig 7.3.

7.5.2 Primary metabolisms of the actinobacteria

assemblages in New Zealand lichens

We frequently observed two coloured compounds with the same retention times
during cultivation, organic extraction, and fractionation experiments. These
compounds were found in the crude extracts of multiple native producing strains and
heterologous expression strains, suggesting they are common metabolites among
actinomycetes; however, we could not link their presence to any secondary
metabolite BGCs. After further investigation using HRESIMS/MS, it was confirmed that
they are two known primary metabolites, biliverdin'>” and coproporphyrin 1118 (Fig
7.5). Subsequent analysis using KEGG orthology*® revealed that the enzymes involved
in biliverdin and coproporphyrin Il biosynthesis are particularly abundant in
actinomycetes (Fig 7.6)%°. It is interesting to explore the reason for this abundance.
One hypothesis is that actinomycetes utilised the heme related metabolites to chelate

metals presented in the environment to improve their resistance.!
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The tree and KEGG orthology information was reproduced from Annotree

K00231: protoporphyrinogen/ coproporphyrinogen |11 oxidase
K01772: protoporphyrin/coproporphyrin ferrochelatase
K00435: hydrogen peroxide-dependentheme synthase
K21480: hemeoxygenase

" The colour in the

heatmap represents the ratio of the number of KEGG orthology hits in one phylum to the number of
all genomes in the same phylum.
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Appendix 1 Genomic DNA /strains isolated in this study and their corresponding
positions on 96-well plates
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D 118-1 [113-1 |113-2 [139-3 139-4 118 [476-3  [476-5 [11-2-1 [16-1-1 [111-3 |457-3
E 111-5 [111-4 [16-1-2 [27-2 22 27-1  [31-1  [375-1 [369-1-1[211-2 |210-1 |347-3
F 347-5 |347-2 [465  |336-3 336-2 361-1 [369-3  |441-1 [369-1-2|364-2 [152-1 [22-1
G 11-2-2 [23-3  |11-1  [23-1 23-2 13-9  [343-1 [343-4 |11-4  [128-5 (148 |17-1
H 326 |438-7 [297-2 |174-2 462-1 179-4  [179-2  [140-1 [216-1 |254-3 [EITEE
PLATE: LI2C 1 2 3 4 5 6 7 8 9 10 1 | 12
A P1-D12 |P1-A12 [P3-D12 [237 PI-E10  [221-2-1|P1-E11 [347-7 [347-6 [439-3 |439-6 |334-6
B 335-1 |352-2 [471-4  [352-1 471-2 304-1 [210-1 [330-1 [113-2 [106  |113-1 |179-1
c 485-1 195(179-2  |114-1 343-2 140-2  [343-1 |128-2 |128-1 [342-8 [128-4 |376-2
D 301-3  [376-1 [313-2 [211-1 476-4-a |476-4-b [347-9  |300  [134-1 [325-3 |475-2 |347-4
E 113-4  [247-1 |471-1-a|471-1-b-B [471-1-b-A[136-2 |471-3 [370-2 [11-3-1 |11-1-a |438-6 |450-1
F 247-2  |247-3 [215-1 [215-2 111-1-a  [111-1-b[11-3-2 [370-1 [474-2 |474-3 |313-1 |218-1
G 332-2 [19-1  [371-1 [371-2 476-1 476-3  [35-2  |438-4 |438-5 |136-1 [133-1 |153-1
H 17-3__|17-2_ |457-1  |24-1 > > 12 [p1-ci0P3-Gs_|P1-G11 [TNElP3-F3
PLATE: LISC(D)| 1 2 3 4 5 6 7 8 9 10 1 | 12
A P2-C6 [237  |P1-G7 |P1-G9 _ |P2-A9 PI-A2 |P1-Al |P2-F5 [189-2 |16-2 |16-4  |255-1
B 255-2 |245-2 [18-3  |P2-EB 19-1 18-6  [19-2  [135-2 |135-1 |135-4 |215-2 |140-3
c 140-2 |140-1 |140-5 |140-4 201-2 353-1 |201-3  [215-1 |201-1 |13-3 |13-2 [13-1
D 13-5  [125-3 |125-4 [357-1 125-5 357-2 |118-4 [118-1 |118-2 |464-5 |140-7 |126-2
E 126-1 |126-5 |126-4 [347-3 347-1 347-4  [347-2  |454-2 |339-1 |144-2 |165-3 |165-1
F 254-4  [122-4 |121-1 [122-2 207-3 207-2  |209-1 |207-5 |207-4 [297-3 |297-2 |296-1
G 290-3  [290-2 [357-3 |107-1 256-1 107-3  [125-2  [129-3 |125-1 [129-1 [129-2 [31-3
H 31-4 315 [31-1  [31-2 27-1 18-1  |18-2  |156-1 |307-4 [343-5 [SESNESERIR
PLATE: LI4C 1 2 3 4 5 6 7 8 9 10 1 | 12
A 343-3 [171-1 [242-1 [300-1 300-2 102-5  [102-3  [438-3 |438-4 |438-1 [439-1 |451-1
B 124-5 [124-3 |124-8  [124-7 248-1 219-1 [131-8  [131-7 [219-2 [131-9 [310-2 |219-5
C 122-1-1[217-1 |122-2 |217-2 342-2 342-1 [342-5 [342-4 [308-1 [131-3 |131-2 |131-1
D 131-6  [131-5 [131-4 |10-4 10-1 248-2  [178-2 |212-1 [218-5 [212-2 |218-4 |166-3
E 166-1 [146-1 |258-1 |146-2 289-2 146-4  [146-3  [4-1  |458-1 [173  [124-1 |124-2
F 10-2  |438-10 |339-4 |219-3 308-4 473-7 |109-4  |462-4 |466-2 |466-1 [474-4 |218-2
G 135-3  [102-2 |123-5 |247-5 128-3 172-2  [218-3  |166-4 [109-1 [353-2 |296-2 |454-1
H 125-6  |464-8 |464-7 |122-1-2  |307-3 129-3  |5-1 102-8 [343-6 [343-2 PNSEETTR
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Appendix 2 An Excel workbook containing Sampling_locations,
assembly_stats&gtdbtk.classify, antiSMASH_statistics and BiG-SLiCE_statistics sheets.

https://github.com/phou0402/Thesis/blob/main/Appendix2.xlsx
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Appendix 3 antiSMASH-json_parser (to generate Fig 3.3).

https://github.com/phou0402/Thesis/blob/main/Appendix3.py

1 #!/usr/bin/envpython

2 # -*- coding: utf-8 -*-

3 ¥ usage: python Appendix3.5.py --input antismash.json
| import json

5 import sys, ©s, argparse

6 import re

8 parser = argparse.ArgumentParser()
9 parser.add argument('--input')

args = parser.parse_args()

13 json_filename = args.input
14 root:name = os.path. splltext(json fllename)[O]
15 stat_filenamel = root_name +
16 stat_filename2 = root_name +
1 stat_filename3 root_name +
18 stat_filename4 root_name +
19 stat_filename5 = root_name +

input _handle = open(json_filename, "r")
22 output_handlel = open(stat_ filenamel,
23 output handle2 open(stat filename2,
24 output:hand1e3 Open(stat:filenameB,
25 output handled open(stat filenamed,
26 output:handleE Open(stat:filenameS,

with open(json_filename) as json_file:
data = json.load(json_file)
index=len(data['records"])

32 def raw dict(data):

33 similarity dict={}

34 chemclass_dict={}

35 bgclen dict={}

36 edge_ dict={}

3 for j in rangetlndex)
38 if 'ant

.clusterblast'in data['r

cords T[] " =="].keys():

»’] [j] ['medules'] ['antismash.modules.clusterblast'] ['k

40
=cords"T[31[" dules antismash.modules.clusterblast']['know
41 req1onl—m[“
12 dict keysl-str(node1)+' '+str(regionl)
43
44 rank=m['ranking']
45
46 if len(rank) ==0:
4 similarity dict[dict_keysl]=0
48 else:
49 genes=len(m['ranking'1[01[0]1["'tags"])
50 temp_ll=[]

for item in m['ranking'J[0I[11[': rings
52 temp_ll.append(item[2]['name ])
53 temp 12 = list(set(temp 11))

54 similarity=int(100*len(temp_12) /genes)
similarity dict[dict keysl]=similarity

node2= data['v*\rvr-‘][j]['id']

for k in datal '1[j1['features']:
if k[’ e T

region2=k['guali rs']['region number']

61 dict_keys2 = str(node2) + ' + str(region2)

62 location=re.findall (r"\d+\.2\d*", k['location'l])

3 bgclen=abs (int(location[0]) -int(location[1]))

bgclen_dict[dict_keys2] = bgclen

chemclass dict[dict keysZ] = k[ qua

edge dlCt[dlCt keys2]-k[

156


https://github.com/phou0402/Thesis/blob/main/Appendix3.py

69 similarity dict=raw_dict(data) [0]
70 chemclass_dict=raw_dict (data) [1]
71 bgclen dict=raw dict(data) [2]

72 edge_dict=raw_dict(data) [3]

73

74 def similarity stat():

75 s20 =0

76 # '<20"

77 520_90 = 0

78 # '20-90"'

79 590 = 0

80 ¥ '90-100"'

81 for values in similarity dict.values():

82 if values <= 20:

83 s20 += 1

84 elif 20 < wvalues < 90:

85 520 _90 += 1

86 else:

87 590+=1

88 try:

89 p_s20=s20*100/len(similarity dict)

90 p_s20_90=s20_90*100/len(similarity dict)

91 p_590=590*100/1en(similarity_dict)

92 output_handlel.write("%s, %5, %s, t2\n" % (root_name,p_s20,p_s20_90,p_s90))

93 except ZeroDivisionError:

94 output_handlel.write("%s, s, %s, t2\n" % (root_name, 0, 0, 0))

95 output handlel.close()

96 return

97

98 def bgclen stat():

99 1bd 1000=len(bgclen dict.keys())*1000

100 total length=0 -

101 for i in bgclen_dict.values():

102 total_length+=i

103 try:

104 lavg=total length/lbd_1000

105 output_handle3.write(""s, “s\n" % (root_name,lavg))

106 except ZeroDivisionError:

107 output handle3.write("%s,“s\n" % (root name,0))

108

109 # output handle2.close()

110 output_hgnd1e3.close0

111 return

112

113 def chemclass_stat():

114 Other=0

115 NRP=0

116 n=["cdps","nrps","nrps-like" ,"thicamide-nrp"]

117 Polyketide=0

118 b
p=["hgle-ks","pks-like","ppys-ks","tlpks","t2pks","t3pks","transat-pks",'transat- g
pks-1like']

119 RiPP=0

120 r=["bottromycin", "cyanobactin","fungal-ripp","glycecin","lap","lantipeptide

class i","lantipeptide class ii","lantipeptide class iii","lantipeptide class
iv","lantipeptide class
v","lassopeptide”,"linaridin","lipolanthine"”,"microviridin","proteusin","ranthipe @
ptide","ras-ripp","ripp-like","rre-containing","sactipeptide","thiocamitides","thi &
opeptide", "bacteric n","head_to_tail","lanthidin","lanthipeptide","tfua-related" @
,"microcin","lanthipeptide"]

Saccharide=0
s=["amglyccycl","oligosaccharide","saccharide",
Terpene=0

t=["terpene"

Hybrid=0

Al Al A

"u[_:acundL_de"]

for values in chemclass _dict.values():
if len(values)==1l:
for i in values:
if i.lower() in n:
NRP+=1
elif i.lower() in p:
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Polyketide += 1
elif i.lower() in r:
RiPP+=1
elif i.lower() in s:
Saccharide+=1
elif i.lower() in t:
139 Terpene+=1

140 else:

141 Other+=1

142 if len(values)>1:

143 Hybrid+=1

144 output_handled.write("%s, %5, %5, %s, %8, %8, %5, %s\n" % (root_name, Other, NRP,

Polyketide, RiPP, Saccharide, Terpene, Hybrid))

for k,v in chemclass _dict.items():
output_handle2.write("%s\tis\t%s\n" % (root_name, k,v))

output_handled.close()

output handle2.close()

return

def cdge stat():
et=0
ef=0
for values in edge_dict.values():
if values == ['Trus']:

et+=1

else:
1 ef+=1
159 try:
160 p et=et*100/(len(edge dict))

p:ef=ef‘100/(len(edge:dict))
162 output handleS.write(""s, s,%s\n" % (root name,p et,p ef))
163 except ZeroDivisionError: B - B
164 output_handle5.write("*s, %s, *s\n" % (root_name,0,0))

output_handle5.close()
return

similarity stat()

bgclen stat()
chemclass_stat()

edge stat ()
p:inE(root_name,'Dt:e!')
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Appendix 4 Knowncluster_networking (to generate Fig 3.8b)

https://github.com/phou0402/Thesis/blob/main/Appendix4.py

1 #!/usr/bin/env python

2 # —*- coding: utf-8 -*-

3 #!/usr/bin/envpython

i # —*- coding: utf-8 -*-

5 # usage: python Appendix3.6.py --input antismash.json --T 0.2

import json

8 import pandas as pd

9 import sys, os, argparse

10 import re

11 from collections import defaultdict
12 import numpy as np

14 parser = argparse.ArgumentParser ()

15 parser.add argument('--input')

16 parser.add _argument('--T',type=float,default=0.2)
args = parser.parse_args()

19 json_filename = args.input

root_name=os.path.splitext(json_filename) [0]

3 stat_filename = root_name + " KC.
24 stat_filename2 = root_name + " comy

26 with open(json_filename) as json_file:
) data = json.load(json_file)
index=len(datal[' rec:

33 chemclass dict={}
edge_dict={}
for j in range(index):
node2=datal['rec:
for k in data['reco
if K['type'] = '

10310 A
s'1[31[' features']:

regionZ2=k['qgua g ']['region_number'][0]
dict_keys2 = root_name+"."+str(node2)+ str(region2)
41 edge_dict[dict_keys2]=k['gualifiers']["contig edge"][0]
42 chemclass_dict[dict_keys2] = k['gualifiers']['; t
43 # print(chemclass_dict)
14 similarity list=[]
45 for j in range (index):
16 if 'antismash.modules.clusterblast' im datal'records'][Jj]['modules’].keys():

47 =

s'][j)['modules'] ['antismash.modules.clusterblast'] ["knowncluster @

48 <

ds'] [j] ['modules'] ['antismash. s erblast'] ['"kno lug
ster'] [

49 regionl = m['region number']

50 dict_keysl = str(nodel) + str(regionl)

51 rank = m['ranking']

52 if len(rank) ==

53 item = (rcot name + "." + dict keysl,root name + "." + dict keysl, 2
0, 0, 0)

54 similarity list.append(item)

55 else: -

5¢ mibig = m['ranking'][0][0]1['accession’

57 genes = len(m['ranking'][0][0]['tags"'])

58 mibig_types = a
m['ranking'][0][0] ["description"]+","+m[ ' ranking'] [0] [0]["cluster typ @
="]

59 temp_11 = []

60 for item in m['ranking'1[01[1]1['pairings']:

6 temp_ll.append(item[2]['name'])
similarity = len(list(set(temp 11))) / genes
if similarity < args.T or m['ranking'][0][1]["core gene hits"] == 0:

item = (root_name + "." + dict_keysl, root name + "." + 4

dict_keysl, 0, 0, 0)
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else:
item = (root_name + "." + dict_keysl, mibig + ".0", =
similarity,str(chemclass dict[root name + "." + dict keysl]), P
str(mibig_ types))

similarity list.append(item)

raw_sim=pd.DataFrame (similarity list)

|

raw_sim.columns=['qgue ,'ref','similarity', 'qgtype','rtyp

edge=pd.DataFrame. from_dict (edge_dict, orient='!
edge.columns=['guery','on co 7 edge']

') .reset_index()

merged= 2
pd.merge(raw_sim[['query',"ref", 'similarity', 'gtype', 'rtype']l,edgel[["query",'cn cont @
ig e']1],how="1eft")

merged.to csv(stat filename,index=False,header=False)

merged[me;ged['c; ontig edge']=='False'].to_csv(stat_filename2,index=False,header=Fa &
1se)

print(root_name,',6 Done!')
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Appendix 5 BiG_SLiCE- SQLite3_parser (to generate Fig 3.4)
https://github.com/phou0402/Thesis/blob/main/Appendix5.py

W0 =& G W N

#!/usr/bin/envpython

# —-*- coding: utf-8 -*-
import numpy as np
import pandas as pd
import os, argparse,sys
import csv, sglite3

db_filename = sys.argv[1l]

con sglite3.connect (db_filename)

cur con.cursor ()

cur.execute ("DROP TABLE IF EXISTS chem class:")

cur.execute ("DROP TABLE IF EXISTS chem subclass;")

cur.execute ("DROP TABLE IF EXISTS chem subclass map;")

cur.execute ("CREATE TABLE IF NOT EXISTS chem class (id, name) ;")
cur.execute ("CREATE TABLE IF NOT EXISTS chem subclass (id,class id,name);")

cur.execute ("CREATE TABLE IF NOT EXISTS chem subclass_map =)
(class_source, type_source,subclass_id) ;") # use your column names here
# cur.execute ("CREATE TABLE IF NOT EXISTS hmm (id, accession, name, db id, a

model length):")

with open('chem class.csv','r") as fin: # “with® statement available in 2.5+
dr = csv.DictReader(fin) # comma is default delimiter
to db = [(int(i['id"]), i['name’']) for i in dr]

cur.executemany ("INSERT INTO chem class (id, name) VALUES (2, ?):", to_db)

with open('chem subclass.csv','r') as fin: # “with® statement available in 2.5+

dr = csv.DictReader(fin) # comma is default delimiter

to_db = [(int(i['id"]),int(i['class_id']),i['name']) for i in dr]
cur.executemany ("INSERT INTO chem subclass (id,class_id,name) VALUES (?, 2, ?):;", a
to db)

with open('chem subclass map.csv','r") as fin: # “with® statement available in 2.5+

dr = csv.DictReader(fin) # comma is default delimiter

to_db = [(i['class_source'], i['type_source'],int(i['subclass_id'])) £for i in dr]
cur.executemany ("INSERT INTO chem_subclass_map P2
(class_source,type source,subclass id) VALUES (2, ?, ?2):", to_db)

con.commit ()
con.close ()

root _name = os.path.splitext(db filename) [0]

stat filename = root name + " metadata.csv"
stat_filename2 = root_name + " metadata-complete.csv”
output handle = open(stat filename, "w",newline='")

"

output_handleZ = open(stat_filename2, "w",newline='")
with sglite3.connect (db_filename) as con:

cur = con.cursor()

print ("loading clustergbk metadata..™)

file names, bgc ids,gcf ids,gcf wvalues,contig edges, length nts,folder = a
list(zip(*cur.execute(
"select bgc.orig_filename, a

bgc.id, gcf_membership.gcf id,gcf membership.membership_ value,bgc.on_c3d
ontig edge, bgc.length nt,bgc.orig folder"

" from bgc,gcf membership”

" where bgc.id=gcf membership.bgc id"

order by gcf membership.gcf id"

) .fetchall()))

print ("loading class information..")
class titles = sorted(set([
"{}:{}".format (class_name, subclass_name) \
for class name, subclass name in cur.execute(
"select chem class.name, chem subclass.name from chem subclass, a
chem class”
" where chem class.id=chem subclass.class_id"
) .fetchall()1))
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62 class_presences = {}

63 for class_title in class_titles:

64 class_name, subclass name = class title.split(":")

65 subclass_presences = pd.Series(

66 np.full(len(bgc_ids), False),

67 index=bgc ids

68 )

69

70 try:

71 subclass bgc ids, = list(zip(*cur.execute((

72 "select distinct bgc class.bgc id frem bgc class, chem subclass, =

chem class "

73 "where chem_ subclass.class_id=chem class.id "

74 _class.chem subclass_id=chem subclass.id "

75 "and chem class.name like ? and chem subclass.name like 2"
76 )+ (class name, subclass name)).fetchall()))

17 subclass presences[subclass bgc ids] = True

78 except:

79 pass

80 class_presences[class_title] = subclass_presences

82 print ("merging datasets...")

83 temp metadata = pd.DataFrame ({

84 "bgc": file names,

85 "ibgc_ids,

86 gcf_ids,

87 £ value":gcf values,

88 "contig edge”: contig edges,

89 "len_nt": length nts,

90 "folder":folder

91 }, index=gcf_ids)

92

93 for class title in sorted(class titles):

94 temp metadata["class-" + class title] = class presences[class title].values
95

96 temp metadata.to csv("temp query-metadata.csv", sep=",",index=False)

97

98 class_dict={}

99 dict from csv = pd.read csv('temp query-metadata.csv', header=0, |

index col=0).T.to dict()

100
101 for k mibig in dict from csv.keys():
102 for k,v in dict_from csv[k_mibigl.items():
103 if 'class' in k and v==True:
104 class _dict[k mibig]l=k
105 temp class= pd.DataFrame.from dict(class dict, orient="index").reset index()
106 temp class.columns = ['bgc','class']
107 merged =

pd.merge (temp class[['bgc','class']],temp metadata[['bgc',"bge id","gef','gel value', @
'contig_edge',"len_nt','folder']],how="1left")
108 merged.to_csv(ocutput_handle,index=False)
complete = merged[merged["contig edge"] ==0]
complete.to csv(output handleZ,index=False)
os.remove ("temp_query-metadata.csv")

output_handle.close()
output_handleZ.close()
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Appendix 6 BiG_SLiCE-scatter_plot (to generate Fig 3.4a)
https://github.com/phou0402/Thesis/blob/main/Appendix6.py

# !/usr/bin/python

2 # —-*- coding: utf-8 -*-
3
4 from itertools import groupby
5 import pandas as pd
6 import os, argparse
7 import statistics
8 import matplotlib.pyplot as plt
9
10 parser = argparse.ArgumentParser ()
11 parser.add_argument ('-——input')
12 parser.add_argument ('--T',type=int,default=900)
13 args = parser.parse_args()
14 csv_filename = args.input
1 T=args.T
1 path = os.path.dirname (csv_filename)
1 stat_filename = path+'\GCFO&IT'+str(T) + "(sub).svg"
19 stat _filename2 = path+'\GCFO&1T'+ster(T) + " (21l).svg"
20
21 query meta = pd.read csv(csv_filename)
22 n_bgcs=query meta.shape[0]
23
24 dict_from_csv = pd.read csv(csv_filename, header=0, index_col=0).T.to_dict()
25 folder list=[]
26 for k bgc in dict from csv.keys():
27 a
folder tuple=(dict from csv[k bgc]['gcf'],dict from csv[k bgc]['folder'].split{'/ 2
'Y [-1]1,dict_from csv[k _bgcl['gcf value'])
28 folder_list.append(folder_tuple)
29 folder genome={}
30 for i in range(len(folder list)):
31 folder_genome.setdefault(folder 1list[i][0], [1).append(folder list[i] [1])
32 folder value={}
33 for i in range(len(folder_list)):
34 folder_value.setdefault (folder_ list[i][0], []).append(folder list[i][-1])
35
36 FHEEHEHFAE AR AH AR AR A R R R AR R R R R A R R R
37
38 value stat tmp={}
39 for k,v in folder_wvalue.items():
40 temp_value={}
1 if len(v)>1:
42 value tuple=(statistics.stdev(v),len(v))
43 temp_value['std']=statistics.stdev(v)
44 temp value['size']=len(v)
45 value_stat_tmp[k]l=temp_value
46 value_stat={k:v for (k,v) in value_stat_tmp.items() if len(v)!=0}
47 std _list=[]
48 for k,v in value stat.items():
49 std list.append(value stat[k]['std"'])
50
51 n_singletons=len(folder value)-len(value stat)
52
53 FEFEHEHHFH R HH A R A A R H R R A R A B R A A R R R R
54
55 folder value list=[]
56 for k,v in folder_genome.items():
57 folder value list+=v
58 n_genomes=len(set(folder_value_list))
59
60 n_gcfs=len(folder genome)
ol
62 span_stat={}
63
04 for k,v in folder_genome.items():
65 span_stat[k]l={}
66 span_stat[k] ['span']=(len(set(v))*100)/n genomes
[
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68 FEEFFFF SRR AR F A A AR H A AR R R R R R R R R R R
69

70 def merge (x, y):

71 two dicts, merge them into a new as a shallow y."""
12 z = x.copy()

73 z.update (y)

74 return z

75

76 gcf span={}

71 for kv,vv in value stat.items():

78 for kg,vg in span stat.items():

79 if kv==kg:

80 gcf span[kv]=merge (vv,vg)

81 FEEEREAEERFEARBEBHEHFR AR AR B E L ERHHR R B E R R B B EHE R H R H R

82

83 gcf span metadata= pd.DataFrame.from dict(gcf span,orient="index').reset index()
84 gcf span metadata.columns=['gcf','std', 'BGC counts', 'span']
85

86 FHFEFEHFF R HH AR R AR A R H R R AR R R B A R R R R RS

87 ax3=gcf_span_metadata.plot.scatter(x='span', y='std', c="BGC
counts',cmap='viridis r',alpha=0.8,edgecolors='black’')
ax3.set ylim([0, max(std list)+200])

89 ax3.set x1im ([0, 105])

90 ax3.set xticklabels([0,'20%","40%",'60%","80%",7100%'])

91 ax3.spines['top']l.set_visible (False)

92 ax3.spines['right'].set_visible (False)

93 ax3.vlines (ymin=0, ymax=max(std list)+200, x=5, color='black')

94 ax3.hlines(y=max(std list)+200, xmin=0,xmax=5, color='black')

96 xlabel="GCFs shared by % isoclates\non contig edge=0&1, T="+str(T)

98 ax3.set_xlabel (xlabel)
99 ax3.set _ylabel ("stdev (GCF membership wvalues)™)
100 ax3.figure.savefig(stat filename2)

102 axd=gcf span metadata.plot.scatter(x='span', y='std',c="BGC
counts',cmap='viridis r',alpha=0.8,edgecolors='black',colorbar=None)

103 axd.set_ylim([0, max(std_list)+200])

104 axd.set x1im([0, 5.21)

105 axd.set xticklabels([0,'1%','2%','3%","4%"',"5%"])

106 ax4.set_xlabel ("")

107 axd.set ylabel("")

108 axd.figure.savefig(stat_£filename)
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Appendix 7 BiG_SLiCE-stacked_plot (to generate Fig 3.5b)
https://github.com/phou0402/Thesis/blob/main/Appendix7.py

# !/usr/bin/python

2 # —-*- coding: utf-8 -*-

3

4 from itertools import groupby
5 import pandas as pd

3 import os, argparse

7

8 parser = argparse.ArgumentParser()
9 parser.add argument ('--input')
10 args = parser.parse_args()
11 csv_filename = args.input
12 T=900

14 path = os.path.dirname(csv_filename)
15 stat_filename = path+'\T'+str(T) + "BGCO-1.svg"

17 dict_from csv = pd.read csv(csv_filename, header=0, index col=0).T.to_dict()

18 class_list=[]

19 class dict={}

20 for k_bgc in dict_from csv.keys():

21 if "class-RiPP" in dict from csv[k bgc]['class']:
class_tuple=("RiPP",dict from csv[k bgc]l['gcf value'])
class_list.append(class_tuple)

if "class-Other" in dict_from csv[k _bgc]['class']:
class_tuple=("Other”,dict from csv[k bgcl['gcf value'l])
class_list.append(class_tuple)

if "class-Polyketide” in dict from csv[k bgc]['class']:
class_tuple=("Polyketide”,dict from csv[k bgc]l['gcf value'])
class_list.append(class_tuple)

if "class-Terpene" in dict_from csv[k _bgc]['class']:
class_tuple=("Terpene"”,dict from csv[k bgc]['gct value'])

O WO =S U LD

B R W W W W W W W W W W RN N RN NN N

2 class_list.append(class_tuple)

3 if "class-Saccharide” in dict from csv[k bgc]['class']:

4 class_tuple=("Saccharide”,dict from csv[k bgc]l['gcf value'])
5 class_list.append(class_tuple)

6 if "class-NRP" in dict_from csv[k_bgc]['class']:

7 class_tuple=("NRP",dict from csv[k bgc]l['gcf value'])

8 class_list.append(class_tuple)

9 if "class-Alkalcoid" in dict from csv[k bgc]['class']:

0 class_tuple=("Alkalcid",dict from csv[k bgc]['gcf value'])

1 class_list.append(class_tuple)

2 for i in range(len(class_list)):

3 class dict.setdefault(class 1list[i][0], []1).append(class list[i][1])
44
45 range list=[]
46 range dictemp={}

47 for kl,v in class_dict.items():

48 for k, g in groupby (sorted(v) ,key=lambda x: x//300):

49 range key=k*300

50 range_ tuple=(kl, (range key,len(list(g))))

51 print(range tuple)

52 range list.append(range tuple)

53

54 for i in range(len(range_list)):

55 range_dictemp.setdefault(range_ list[i][0], []1).append(tuple((range_list[i][1])))
56

57 range dict={}

for k,v in range dictemp.items():
v2=dict((x, y) for x, y in tuple(v))
range_dict[k]l=v2

oy 1o
[ssJNe e=]

\

range metadata= pd.DataFrame.from dict (range dict) .reset index().fillna(0)
range metadata=range metadata.rename (columns={'index': 'membership values'})

column list = list(range metadata)

j=len(column_list)

column_list.remove ("membership values")

range metadata["sum”] = range metadatalcolumn list].sum(axis=1)

O YOy OOy Oh O
W W~ Sy U W Mk
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range_metadata.sort_values('membership values',inplace=True)

df

total raw = range metadatal['membership values','sum']]
df_total_raw.sort_values('membership values',inplace=True)
df total=df total raw.iloc[:,-1]

df = range metadata.iloc[:, 0:3]
ax = df.plot.bar(stacked=True,x='membership
values',color={'Terpene':'$6600cc’, 'Other':"#808080",

'"RiPP':"#0000£ff", 'Polyketide': '#££8000", '"NRP"': '#00994c"', 'Saccharide": "#££3333'})
ax.set xlabel ("BGC-to-centroid distance, on contig edge=0&1l, T="+str(T))

for i, v in enumerate(df total):

if v < 500:

ax.text(i, v+25, str(v).split(".")[0])

zticklables=[]
for item in range metadatal['membership values']:
item new=str(item)+"-"+str(item+300-1)

ax.
aX.
ax.
ax.
ax.
ax.
ax.
aX.
ax.
ax.

xticklables.append(item_new)

set xticklabels(xticklables)
set ylabel ("BGC counts”)
spines['top'].set visible(False)

spines['right'].set visible(False)

vlines (ymin=0,ymax=3500, x=2.5,
vlines (ymin=0,ymax=3500, %=5.5,
text (00,3000, 'core')

text (3,3000, 'putative')

text (6,3000, 'orphan')
figure.savefig(stat filename)

color="gray',linestyles='dotted")
color="gray',linestyles='dotted")
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Appendix 8 Gene fragments and Primers used in this study

BGC004
Fragment name

004_TwistL

Sequence
ATGACCAACATCAACAAAACGTCGGATTCGCCGTTAGATTTGCCTTCCCCCGGAGCTAGTTGACGCGTCATC
TGCCGGCACTTAATGTAGGGGATGCGTCAACCAAATGGTGTGGGGCCGCCGGGTGGTCAGCCGTAGTTGG
CTCACTGTCGGCATCGAGATCGCAGTGCACTGCCCGAGGCCCGTGGACGCAAAGCTCCAGCAAGGGAATC
CCATGAGCACTGAGAACAAGGCCGGACTTCAGGCACTGCTGACGCCCGAGGAGAGCGTTGTCGTACTGAT
TGACCACCAGCCGTTTCAGTTCGCCAACCTGCACAGCCACGAACCGACGATGGTCGTCAACAACGTCGTCG
GCCTCGCCAAGGCCGCCAAGGGATTCGACGTTCCGACCATTCTGACGACCGTTCTGGAGGAGCGCGGCGG
CCTTCTCCTCCAGGGTCTGCAGGATGTGTTCCCGGAGCAGAAGCCGATCAACAGGACCTTCATCAACACCT
GGGAGG

004_TwistR

Primer name

AGTTGACGGTGAGTCTGGCCCGTACGGTGTCGGTACCGCGCAGGTCGAAGGTCTGCTCGCCCGCCTGGTC
CCGGAGCCGGATGGTCCGGCTCGTCCGTTCGCCGTCCCGCGAGGTCAGTTGGACGCTGAGCCACGCAGGC
CGGGCCTGGGTGAGGAATTCGTCCTTGCGCGCCGAGGTCCCCGAGAACACCAGCAGCTTCATCACCCGCA
CGGGCTCGGCGAAGTCGCACTCCAGGAACTCGCCGATGCCGTCACCGGTCTCCTTCGGCGCCCAGTAGCG
GTTGTTGAAGCCGTCGACCGCCGCGGCGGCCGGATGGCCCGACTGCGCCGTGGAGGCGCGGCATTCGGA
CGGCGGCACCGACTCGGGTTTCCCCGTCTCCTCCTTCGCCAGGCCGAACAGACCGGCCAGGTGCGGGAGC
GCGAACCAGATCCCCACCGCCAGCAGGATCA
Sequence

Description

DNA fragment of
homology arms

Description

004-up-1 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA for synthesising
004-up-2 TTCTAATACGACTCACTATAG sgRNA, used togther
004-do-1 TTCTAATACGACTCACTATAG with sgrna-uni-f/r in
004-do-2 TTCTAATACGACTCACTATAG Table 2.9
004-uptest-f CTGCTGCTAGTAGCGCAACG for testing the cutting
004-uptest-r CGTCAGCAGTGCCTGAAGTC efficiency of the
004-dotest-f TCGGGTTTCCCCGTCTCCTC synthesised SgRNA
004-dotest-r GGAGTGATCTGCGAAGCGTG

004_che 0-F GACGGGTGACTTCTGTGTCA

004_che 0-R GTCTCCCTCTCCCACGTGTA for screening and
004 _che 1-F CCCTGGAGGTGTTCTTCTCA checking the cloned
004 che 1-R GACGTCGGTGAATTGGTAGC

004_che_2-F CGGTTCAGTTCCTCAAGCTC pathway
004_che 2-R GGGTGCAACGGATTTCTG

004_HygE_F CCCAGGAAAGCGTCCGGTCATTTCAGTTTTCCGTTAAAGGGGGTTGGCGGtcaggegeegggggeggtgte for knocking out the
004_HygE R AACTCCTGCTCGCCGTCGGTCAGGGTGGTCGGGGGGCTCTCCTGGGTCATatggggcectectgtictagacg ctgl 627-628

004_KOChe FO

CGACAAGCTTCCGGTTTCGC

KO_HygChe._int

CAACCCCGTACTGGTCGGCG

for screening and
confirming the

BGC005

Fragment name Sequence Description
ATCATCTGGCCGCCGAGCTTGATCAGGGCGTCGATCTCGAACTTGTCGTCCAGGACGCCGATCAGCCAGAT
CAGCGCGGCCCCGGAGAGCAGCGCGCGGGGCTCGTTGGACTGCTCGAAGACCCCGCTGAGGTTCTGCAG
GTTGCTGGCGACCAGCAGTCCGGCGCACAGGCCGAAGAACATCGCGATACCGCCGAGACGCGGTGTCGG

005 TwistL TTCGCGGTGGACGTCGCGGGCGCGGATCGCGGGCATCGCGCCGATCGCGATGGCGAACTTCCGCACCGG

- ACCGGTCAGCAAATAAGTCACCGCGGCCGTCACGCAGAGCGTCAGCAGGTAATCACGCACAGGCTGCCCC
ACAGGAATCGCCGACCATCTGAGCCACACACACTAACTCGGAGAAGGACGGCTGTTGGAATGCGCGTTGC DNA fragment of
CACATGAGGTAAGGACATACACGGCGGCGCGATGGTTGCACAAACTCGTCACACCCTATGCCCCGCCGCG homology arms
TTTCTCACCGTA
AGTTCGAGCCGAGCTTCTGAAGGCCGGCCTGGACATCGTCGAAGTTCATCACCGGCAGGAAGGTCACCTTG
GCGCCGAGGTCCTGGAAGAACGGCTCGGCGACACTCGGAATGTCGGAGGCGTCCTTGAGATCGAAGACG

005_TwistR ATGTACGCGGTGCGCATGCCCTCCTGGCTCCCGAAGTACGCGGCCTCCGGCTTGATCCGGTCGAACACCG
ACTTCATGGTCTGGGGCAGCGTGCGGTCGTTGATCGCCTTGTTCGCCTTCGCGGTGTCCATCTGGACCGTCA
GCAGCACCCGCATGGTCGTCCCGCCTCTCAGCAGCGCT

P e ame equence De ptio

005-up-1 TTCTAATACGACTCACTATAG

005-up-2 ‘TTCTAATACGACTCACTATAG for synthesising

005-up-3 TTCTAATACGACTCACTATAG sgRNA, used togther

005-do-1 ITTCTAATACGACTCACTATA with sgrna-uni-f/rin

005-do-2 \TTCTAATACGACTCACTATAG Table 2.9

005-do-3 TTCTAATACGACTCACTATAG

005-uptest-f CCCGAGTCGCCCATGAAGAT for testing the cutting

005-uptest-r TCCGAGTTAGTGTGTGTGGC efficiency of the

005-dotest-f GTAGGGATTGACCGTACGGC synthesised SgRNA
005-dotest-r TCGGAATGTCGGAGGCGTCC

005_0-FORWARD |CATGAACCACGACGATTACG

005_0-REVERSE  |[TCTGAGCTTCCGGTACGACT for screening and

005_1-FORWARD |ACGGCCATCTGAACATTCTC checking the cloned

005_1-REVERSE  |ACCAGGTCGTCCACTGGTAG

005 2-FORWARD |CACCAGGCTCGGCTACAC pathway

005_2-REVERSE  |GGTGACGGTCTTGAGTACGG

005_PKS_KO_F cggccgatgcgatggecgagegcttctaccactgggegecgcectgectgatcaggegecgggggeggtgtee for knocking out the

005_PKS_KO_R ccgcetggtggegecggtcacgagagcegacgcegcetggtetttggtggacatGACGTCCCCTTCCTGGACCTGC ctg4_380-382

005_AbxO_KO_F |cgceecgtegegtgeccecggacgaatcgeecggceaccacgateteecectatcaggegecgggggeggtgtec for knocking out the

005_AbxO_KO_R |gcccagaacatggtggecggactcggecccgcgacgaagagceaccctcacatggggectectgttctagacg ctg4 395

* For deletion screening and verification of 005APKS and 005AAbXO, using 005_PKS_KO_F and 005_AbxO_KO_F with KO_HygChe_int
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BGC009
Fragment name

009_TwistL

Sequence
ACAGCACCGCCGCCAGGATCGCTCGGGTCGCGACATCTACGGCGATGTTGTGGCGGTAGTTCTCGACTGA
CCGTTGACCACTGAGGACCTGGAGATGACCAAGGTGGTGCCGGAAGGATCAGAGCCAGTGTCGGGTCCTG
ACATGACAAGTTGGGTGGTCTTCTGCAGTTCAGGTGACGGTGTTCGGTCGGTTCGCGTGACCTACAACGCT
CCGCCCTGAGCGGTTCCACGGCGGTGGCTAGAATTCCCGCCATGGTCGACACGGGGGAACAGGTACGGG
CGCAGCCGGAGAATCGGGCTGCCGCGATCAGCATGGGCGCCGCCTTGACGGCGGCCATTGTGGCGAGTG
GCAGCATGTGGGCGTCGGGGGTGAGTTTCTACATGCCGGTGACGATCGGCTGGTTCGTGTTCGTGGAGTTG
GCCGCGCTGACCGCGGTCGTCTCGGGCCATGTGGCCCGCCGACGGGCCAAGCATCAGAGG

009_TwistR

TGGAAGGCGATCACGAAGGTCTCCGCCATCAGATCGTCCGCCACGTCGGTACCCAGCCGCCGGGCCGCGT
ACCGGTGGATGTCGTCGGCGTAGCGGTCGAACAGCACGGCGAAGGCATCGGGCTCGTCCCAGGACCGTTC
GATCACCGAGGCGTCGGAGTCCAACCGCTCGTTCGTGCCCTCGGTACGGTGGACTCCGACGCTCGGTGAA
ACGGTCATCGGTCGCCTCTTAGGCTCATGTTTTTCCCTCGAAGACGCGGGCATGGTCACCCTCTGTTCGCCG
ATGGCCCGATTCGAGTTCCCGTTCCTGT

Description

DNA fragment of
homology arms

Primer name Sequence Description

009-up-1 TTCTAATACGACTCACTATAG for synthesising

009-up-2 TTCTAATACGACTCACTATAG sgRNA, used togther

009-do-1 TTCTAATACGACTCACTATAG with sgrna-uni-f/r in

009-do-2 TTCTAATACGACTCACTATAG Table 2.9

009-uptest-f ACCTTCGGCAGCATGGGATG for testing the cutting

009-uptest-r TGCTGCCACTCGCCACAATG efficiency of the

009-doche-f CGACGCTCGGTGAAACGGTC synthesised sgRNA

009-doche-r CCCGCTCAGCTTCTGTGAGG

009_0-FORWARD |GAGTTCGGCCTGTACGTCTC

009_0-REVERSE  |AGTCCAGCCGGAGCAAATAC for screening and

009_1-FORWARD |GGTGGGACACAGGGAACTC checking the cloned

009_1-REVERSE  |GCTGGGCACCGAGTACATA

009 2-FORWARD |ATTCAGCCATTGTGCGAGAT pathway

009_2-REVERSE  |GAACGGCTTGGAGTACTTGG

BGC014

Fragment name Sequence Description
atccacatgcagtcgcggaaatggegtttgatctcgeccaggategtgggtacggegtacgectcgaacgeegteccgegtgeggggtegta
gecgetgaccgecttgaccageccgagegeegccacctgtegecaggtegtecaaggactcaccgeggttgeggtagegegtggecagacg

014 Twistl gtgcgecatcggeagcecaggeggccgtgatetectgcagaattegttecttettcgetecgtcggagagetgageggcaaggagaaaatect

- gatcegtgtcgggagagtegtcgaagaagegctgegttgtggcacgagaagacatggggtecccgagtctcggacggtacgaaatgtege

cgcggagagtegtetcatgccggacgegegcacgeccggagcagaatcaccgetcccacggacgtgectectgteccgaageacgecacac
aggttcccgagggattcagegctaaa DNA fragment of
acctegtgetgcetcgacgtgatgcettcccgacatcgacggcettcgaggtggtgegeegggtgeggeaggeeggeteggeaacgecggtgat homology arms
cttcctgaccgeccgegagageggecaggacatcgtgggeggactcgatetgggtgccgacgactacatcacgaageegtteceggetegee

014 TwistR gaggtcgecgegegggtgegtgecgttctgcggegeggggagageggegectcgacccaactectegtetgecggggatctggagatgaa

Primer name

caccgagacctacgaagtacgcegtgceggtgtgcgggtggaactetcececcaccgagtaceggttgetecaccatetgetgetgaaccgga
accgggtcctgacgceacgatcaactecttgaacgggtgtgggacttcggtgagggcgatcacggggtgctgaagacctacatctectatetg
cgccgcaaactcgacgegcetgggeccgggcatgatcgaaactcgg

Sequence

Description

014-up-1 TTCTAATACGACTCACTATAG for synthesising

014-up-2 TTCTAATACGACTCACTATAG sgRNA, used togther

014-do-1 TTCTAATACGACTCACTATAG with sgrna-uni-f/r in

014-do-2 TTCTAATACGACTCACTATA Table 2.9

014-uptest-f GGTCGGAGTTTCCGAGCAAG for testing the cutting

014-uptest-r CTCTCCGCGGCGACATTTCG efficiency of the

014-doche-f CCGGTTGCTCCACCATCTGC synthesised sgRNA

014-doche-r TGCACCAGCAGGCGGTAGTC

TAR_014 Chkl F |CTGCCAGCAGATGTTGTAGC

TAR_014 Chkl R |[ATCTGACCGGAGCCAACTC for screening and

TAR 014 Chk2 F |CAGAAGGTGTCGGGGTTCT checking the cloned

TAR_014 Chk2 R |TTCTCCCTCATGAAGCTCGT

TAR 014 Chk 3 F |GAGACGGTCGTCAAAACCAT pathway

TAR 014 Chk 3 R |ATACTCGTCAACGGCACGAT

BGC027

Fragment name Sequence Description
GTCCTTGAAGTTGCGGACCGCGTGGGCGATCTCGCTGCCCTTCATGGAGCAGTTGTAGGTGTCGACGGGC
GGGAAGTGCGTGAAGATCCGGGTGCCGTCGACGCCTTCCCACAGGAATGTGTGGTGGGGGAAGGTGTTGG

027 Twistl TCTGCGACCAGGAGATCTTCTGGGTGAGCAGCCGCTTGGAGCCGGCCGCTTTGATGATCTGCGGCAGGCC

- GGCGGCGAAACCGAAGGTGTCCGGCAGCCAGGCCTCGTCGTTCTCGATGCCGAACTCGTCGAGGAAGAAG

CGTTTGCCGTGCACGAACTGCCGGGCCATCGCCTCCGAGCCGGGCATGTTGGTGTCGGACTCCACCCACAT
CCCGCCGGCCGGGACGAACCGACCGTCCGCGACGGCCTTCTTCACCTT DNA fragment of
AAAAGTGCGGTCCATCGTTCCGGCACCTCACTGTGCGACGAGGGGAGGTCTCCGGGATCCAAACCCTTGC homology arms
CCGAGCCCGCTGTCAATACTTTGTCCTGACATCTCTTCATGCCCTTCCCGGACCGCAGGTCCGAATGTCAGT

027 TwistR ACAAAACATTGACAGTGTGCCGTGCGGCGTCCTACACCTGGGAGGCGGCAGGCACCGGGGCTCGCGTCTC

CACCGTGGCAGGGCTCCCGGGGTCGTGCACCCGAGCCCAGCGAGGAGCGTCCATGCCCGAGTCCGTCCC
GTCCTTCGACCTGATCACGATGGGCCGTATCGGAGTCGATCTCTACCCCCTCCAGTCCGGTGTACCCCTGG
AGCAGGTGGAGTCCTTCGGCAAGTTCCTCGGGGGTTCGGCCGCCAATG

Primer name Sequence Description
027-up-1 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA

027-up-2 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA for synthesising
027-up-3 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA sgRNA, used togther
027-do-1 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA with sgrna-uni-f/r in
027-do-2 TTCTAATACGACTCACTATA GTTTTAGAGCTAGA Table 2.9
027-do-3 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA

027-uptest-f TCCAGATGCGGTCCAGTTCC for testing the cutting
027-uptest-r CCTGCCGCAGATCATCAAAG efficiency of the
027-dotest-f GCAGGTCCGAATGTCAGTAC synthesised sgRNA
027-dotest-r GGTCGAAGACGGTGATGCCG

027_0-FORWARD |GTAGACCTCGGCCTTCCAGT

027_0-REVERSE CAGTGGCAGAACCTCAACG for screening and
027_1-FORWARD |TCTCAGGAGTGTGTCCACGA checking the cloned
027_1-REVERSE ACGTCATCGAGGTCAAGAGC

027 2-FORWARD |ACCTCGTCGATCAGGGTGAG pathway
027_2-REVERSE CGACGTCGTCATCGTCAAC
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BGC218-3
Primer name
218-3 CAP_L fw

Sequence
CCTAGCGTAACTATCGATCTCGAGGCCGGACAGTACGAATCCTTC

218-3 CAP_L rev

TTGATACTCCTCAGCCGTCAGGATGTTTAAACGTCGAACACGGGGAAGTG

218-3 CAP_R_fw

ATCCTGACGGCTGAGGAGTA

218-3_CAP_R_rev

CTGCAGGAGCTCGCATGCTCTAGAGGACCAGCGGGAAGATCACTA

Description

for amplifying
homology arms

for synthesising
sgRNA, used togther
with sgrna-uni-f/rin
Table 2.9

218-3 lipo_L PAM_|GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3 lipo_L PAM_|GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3_lipo_L_PAM_{GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3 lipo_R_PAM |GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3 lipo_R_PAM_|GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3 lipo_R_PAM_|GAAATTAATACGACTCACTATAGG GTTTTAGAGCTAGAAATAGC
218-3 L PAM chk 1{GATGCGACTGGCCTTGCT

218-3 L PAM_chk 1AGATCGGTGTGGTCCACGTA

218-3 R_PAM_chk |

ATGATGATGGGCTTCGACTT

for testing the cutting
efficiency of the
synthesised sgRNA

218-3 R_PAM_chk |[ACTCCGCGGTGAGAAGTG
393-3F TCTTCGTCAACACCCTTGTG
393-3R GTTCCGTGAAGGTGAAGCTC
3.9 3-MF CGGCTCGGCGAACAGGAGCA for screening and
3.9 3-MR GTGGCTGGAGACCGCGGG checking the cloned
393-2F GATTCGAGTTCTCCGACGAC
3932R TGAGCATGGACTTGTGTTCC pathway
393-4F AATTCGACACCGACGACAAC
393-4R ACGGTGCAGCAGACTGTGT
218 3 HygE F cgtggaattcggtcggtgagaagccacggaccacggaggaggttcgcccctcaggcgecgggggceggtgtee for HygE218-3
218 3 HygE R gtacggcgcacggcgtccacgaggtcgggggceggatetgtggggggcecatatggggectectgttctagacg construction
218 ins_cheF cgccatcecgggtctacatge *
dptEF_F TCGTGCCGGTTGGTAGGATCGTCTAGAACAGGAGGCCCCAatggccccccacagatccgee for plJdptEF218-3
dptEF_R GGATCCAAGCTTAGATCTATGCAGGTCGACTCTAGTTAAT ctattcegtttccgtegtcage construction
* for screening and confirming the HygE218-3 HygE knockin, used together with KO_HygChe_int
BGCO031
Fragment name Sequence Description
aacccccacgtaccgagggcegaccatcacgggaagagtctggattceecgettcggtgagggtgtaggtegcetttctggecgegagtggegt
cgtcgcggcetgaggagacctgectegceecagettgegcaggeggetcgcgaggacgttggacgegatgecctectegttccgggecatcag
031 TwistL atcgcggaagtgacgacgceccaccgaagatcacgtcacggagcacgatcagagtecacgagtetcccaggacctecaccgeggegttgate
- gcacaacccgaacgcggctecctgcgcatcacgeacctectgactgattgcgactegcaaccectecatcgtagggtgegtaaccagttgcagt
tcgcaatcactctttggaggtggatcgcatgaccaaggtecgegtgcacaacttccatgtctecctcgacggcetacagcgcaggegagacgat DNA fragment of
cacgatcgacgcacccatcgggggegecgagaggctgtte homology arms
agttccgcgagttcgacgcetggacaggaacggcacctegtecaccgeccgcaccatgcagtgegegatecgeegcetgggteggggtgage
cgceggcecctcgaacaggacctggagecgggctgcggggctgtegetcatgecattcagttaagcagagtectgcatggatgtatgcggat
031_TwistR gcgcagagggagaggagaggtgeccgggeggcecggggaaaattgecgtggtccaggagattggacgggeccggaagegggeagg

ggtcgaagcggcaaagaattaccaaccggceacaaatccegcactetcgaccagtacgggcetgacggaaggagaccgcatgtectcgaage
gacgccgcaagaagaaggcgcgecgcaagaacgcggecaaccacy

Primer name

Sequence

Description

031-up-1 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA for synthesising
031-up-2 TTCTAATACGACTCACTATA GTTTTAGAGCTAGA SgRNA, used togther
031-do-1 TTCTAATACGACTCACTATA GTTTTAGAGCTAGA with sgrna-uni-f/r in
031-do-2 TTCTAATACGACTCACTATAG GTTTTAGAGCTAGA Table 2.9
031-uptest-f AGTCTCCTGAACGCTCACGG for testing the cutting
031-uptest-r CGCGTTCGGGTTGTGCGATC tficincy of he
031-doche-f CAGTACGGGCTGACGGAAGG ynihessed soRNA
031-doche-r ACGACGGTCATGGCGACCAC

031 0-FORWARD |AGGAGACCTGAGAAGGACGAG

031 0-REVERSE__|TTGTCCACCACTCCAGTGTC for screening and
031_1-FORWARD |GCGAGATCGAGGAGGAGAC checking the cloned
031 1-REVERSE | GAAGGAGGAGCCGCTCAG

031 2-FORWARD |GCGATCTGTACATGCTGGTG pathway

031 2-REVERSE | CGGTGAACTGTCCAACAATG

sfp-GbA-fw

GTGGGCACAATCGTGCCGGTTGGTAGGATCGTCTAGAACAGGAGGCCCCATATGAAAGGAGG

svp-GbA-rv

TGAGAACCTAGGATCCAAGCTTAGATCTATGCAGGTCGACTCTAGTTAATCTTACGGGACGGCGG

for constructing
plJ2449
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Appendix 9 GNPS_network analysis python script for positive mode
https://github.com/phou0402/Thesis/blob/main/Appendix9.py

#!/usr/bin/envpython

# —-*- coding: utf-8 -*-

import sys

pathway=sys.argv[1]

medium=sys.argv[2]

group=sys.argv[3]
clustersummary=medium+"-pos.clustersummary"”

f l=pathway+" "+medium+" l-pos.mzxML"
f 3=pathway+" "+medium+" 2-pos.mzxXML"
f_S5=pathway+"_ "+medium+"_ 3-pos.mziML"

—-

f 2="pTAR '+medium+" l-pos.mzXML"
f 4="pTAR '+medium+" 2-pos.mzXML"
f 6="pTAR '+medium+" 3-pos.mzXML"

Gl W= O W0 -6 U Wk

=

-
&

# get cluster composition info

import pandas as pd

df = a
pd.read csv(clustersummary,sep="\L") [['DefaultGroups’', 'componentindex', 'RTMean min','3d
precursor charge','precursor mass']]

=

]

F
[fe

# analysis clusters contain mutiple nodes
df_dict = df.to_dict('records’)

grouped tupleinfo=[]
for element in df dict:
if element['componentindex'] !=-1:
grouped_tupleinfo.append((element['componentindex'],element['DefaultGroups’]))
# print (grouped tupleinfo)
grouped dictinfo={}
for index,member in grouped tupleinfo:
grouped dictinfo.setdefault(index, []).append(member)
print (grouped_dictinfo)
grouped_component_list=[]
for key,val in grouped dictinfo.items():
if set(wval)=={group}:
grouped component_list.append(key)
print (grouped component list)

grouped_tuple=[]

for element in df dict:
if element['componentindex'] in grouped_ component_list:
grouped tuple.append((element['precursor a
mass'], (round(element [ 'RTMean _min'],Z2) ,element['precursor charge'])))

R R W W W W W W W W W N RN N NN RN RN

W W OLW DD 0 WN-=OWO I U WwN O

45 #print (grouped_tuple)

46

47 result dict2={}

48 for mass,value in grouped tuple:
49 result dict2.setdefault (mass, []).append(value)
50 print(result dict2)

52 from pyteomics import mzxml

53

54 import pylab

55 import matplotlib

56 matplotlib.use('Agg')

57

58

59 tol=0.03

60 img list = []

61 for k, v in result_dict2.items():
62 mz = k

03 left, right = mz - tol, mz + tol
64

65 rt_ 1, intens 1 = [1, [1]

66
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67 with mzxml .MzXML(f_1) as reader_1:
68 for scan_1 in reader 1:
69 if scan 1['msLevel'] ==
70 i_1 = scan_1['m/z array'].searchsorted(left)
71 j 1 = scan 1['m/z array'].searchsorted(right)
72 rt_l.append(scan 1['retentionTime'])
73 # integrate, since the scans are in profile mode
74 intens_l.append(scan_l['intensity array'][i_1:j_1].sum())
75
76 rt 2, intens 2 = [], [1]
77 with mzxml.MzXML(f 2) as reader 2:
78 for scan 2 in reader 2:
79 if scan_2['mslevel'] ==
80 i 2 = scan 2['m/z array'].searchsorted(left)

1 j_ 2 = scan 2['m/z array'].searchsorted(right)
82 rt 2.append(scan 2['retentionTime'])
83 # integrate, since the scans are in profile mode
84 intens 2.append(scan 2['intensity array'][i_2:] 2].sum())
85
86 rt_3, intens_3 = [], [1]
87 with mzxml.MzXML(f 3) as reader 3:
88 for scan 3 in reader 3:
89 if scan 3['mslLevel'] ==
90 i 3 = scan 3['m/z array'].searchsorted(left)

1 j_3 = scan_3['m/z array'].searchsorted(right)
92 rt_3.append(scan_3['retentionTime’])
93 # integrate, since the scans are in profile mode
94 intens 3.append(scan 3['intensity array'][i_3:j 3].sum())
95
96 rt 4, intens 4 = [], [1]
97 with mzxml.MzXML(f_4) as reader_4:
98 for scan_4 in reader_4:
99 if scan 4['msLevel'] ==

i 4 = scan 4['m/z array'].searchsorted(left)
j_4 = scan_4['m/z array'].searchsorted(right)

rt 4.append(scan 4['retentionTime'])
# integrate, since the scans are in profile mode
intens_4.append(scan_4['intensity array'][i_4:j_4]1.sum())

rt 5, intens 5 = [1, [I
with mzxml.MzXML(f_5) as reader 5:
for scan 5 in reader 5:

if scan_5['msLevel'] == 1:
i_5 = scan_5['m/z array'].searchsorted(left)
Jj_ 5 = scan S5['m/z array'].searchsorted(right)

rt S5.append(scan 5['retentionTime’])
# integrate, since the scans are in profile mode

[
=
(o8]

4 intens_G.append(scan_5['intensity array'][i_b:j_B].sum())
5
5 rt_6, intens_6 = [1, [1]
7 with mzxml.MzXML(f_6) as reader_6:
8 for scan 6 in reader 6:
119 if scan 6['msLevel'] ==
120 i_6 = scan_6['m/z array'].searchsorted(left)
121 j_6 = scan &6['m/z array'].searchsorted(right)
122 rt_6.append(scan_6['retentionTime’])
123 # integrate, since the scans are in profile mode
124 intens 6.append(scan &6['intensity array'][i_6:] 6].sum())
125
126 # y = max(intens_1 + intens_2 + intens_3 + intens_4 + intens_ 5 + intens_6) * 1.1
127
128 axl = pylab.subplot(321)
129 # axl.set_ylim(bottom=0, top=y)
130 pylab.plot(rt_1, intens 1, label='m/z, (rt,charge) = {:.3f},{}\n{}".format (mz,v, a
£ 1))
131 p?lab.xlabel('RT, "'+ rt_1[0].unit_info)
132 pylab.legend(loc='upper center’', bbox to_anchor=(0, 1.75, 0.5, 0.5), 2
edgecolor="1")
133 # pylab.legend()
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134

135 ax2 = pylab.subplot(322)

136 # axZ.set ylim(bottom=0, top=y)

137 pylab.plot(rt_2, intens_2, label="m/z = {:.3f}\n{}'.format(mz, £_2))

138 pylab.xlabel ('RT, ' + rt 2[0].unit info)

139 pylab.legend(loc='upper center', bbox to anchor=(0, 1.75, 0.5, 0.5),
edgecolor="1")

140

141 ax3 = pylab.subplot(323)

142 # ax3.set ylim(bottom=0, top=y)

143 pylab.plot(rt 3, intens 3, label='m/z = {:.3f}\n{}'.format(mz, £ 3))

144 pylab.xlabel ('RT, ' + rt 3[0].unit info)

145 pylab.legend(loc='upper center', bbox_to_anchor=(0, 1.75, 0.5, 0.5),
edgecolor="1")

146 # pylab.legend()

147

148 axd = pylab.subplot (324)

149 # axd.set ylim(bottom=0, top=y)

150 pylab.plot(rt_4, intens_4, label="m/z = {:.3f}\n{}'.format(mz, f_4))

151 pylab.xlabel ('RT, ' + rt_4[0].unit_info)

152 pylab.legend(loc='upper center', bbox to anchor=(0, 1.75, 0.5, 0.5),
edgecolor="1")

153

154 ax5 = pylab.subplot(325)

155 # axb.set_ylim(bottom=0, top=y)

156 pylab.plot(rt_5, intens_ 5, label='m/z = {:.3f}\n{}'.format(mz, f_5))

157 pylab.xlabel ('RT, ' + rt 5[0].unit info)

158 pylab.legend(loc='"upper center', bbox to anchor=(0, 1.75, 0.5, 0.5),
edgecolor="1")

159 # pylab.legend()

160

161 axb = pylab.subplot (326)

162 # ax6.set ylim(bottom=0, top=y)

163 pylab.plot(rt 6, intens &, label="m/z = {:.3f}\n{}'.format(mz, £ 6€))

164 pylab.xlabel ('RT, ' + rt_6[0].unit_info)

165 pylab.legend(loc="upper center', bbox to anchor=(0, 1.75, 0.5, 0.5),
edgecolor="1")

166 # pylab.legend()

167

168 pylab.subplots adjust (wspace=0.8, hspace=2)

169 # pylab.xlabel ("RTMean: '+str(v))

170 pylab.savefig(pathway + ' ' +medium+' '+ str(mz) + '.png', bbox inches='tight'")

171 img_list.append('pathway-"' + pathway + "_' + str(mz) + '.png')

172 pylab.close()

173 print(img list)

174
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Appendix 10 GNPS_network analysis python script for negative mode
https://github.com/phou0402/Thesis/blob/main/Appendix10.py
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Appendix 11 BGC218-3 and BGCO16 validated ions generated by the python analysis
workflow

the positive ion mode

pathway medium| ions |retention time
519.781 | 16.79, 16.77
528.786 16.74
1056.57 16.69
ISP4 | 1057.57 16.83
1109.57 16.04
1097.6 16.14
1110.57 16.04

R5a | 1056.63 | 15.54, 15.59
669.322 14.46
1056.64 15.61

the negative ion mode

dell4_HygE218-3

SMM

pathway medium| ions |retention time
R5a |1117.61 17.59
dell4_HygE218-3 1109. 15.74
ella_Ryg SMM 09.55 5

1110.56 15.77
SMM | 493.003 18.14
R5a |453.179| 15.08,15.11

dell4_BGCO16
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Appendix 12 'H NMR of puromycin B (compound 1)

JB10_73A1_DMSOMeOD
single_pulse
0.50
ge 2R 5 3FS| 8883F an 2
@ ~ @ w dvu| wono e -
([l [ S YV I
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r0.15
0.10
|
I
0.09
]
JH1INETIO
ad ry x 0.00
T T T T T T T T T T T T T T T
12 1 10 9 8 7 6 5 4 3 2 1 0 1 2
f1 (ppPm)
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Appendix 13 COSY of puromycin B (compound 1)

A |

JB10_73A1_DMSOMeOD
gradient absolute value cosy

1 (ppm})

T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
12 (ppm)
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Appendix 14 HMQC of puromycin B (compound 1)
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CRISIS ghsqead

{17822 09&
L

{2.73.37.76,
X

Y2 a!’; 58)
{4.4550 gex
(454 55,01\ ‘}3 60850
3.66 EHYK ja 446117}
[
MAE”G?K

{3 9&83.70&
{5.83.80 ZZK

{679,113 QSK'

{7.13.130. 53)\
{832,138 27\’

{817,152 mx

30

40

50

F70

80

90

100

F110

120

130

140

150

160

170

T T T T T u T T T T T
115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
12 (ppm)

177

1 (ppm})



Appendix 15 HMBC of puromycin B (compound 1)

JB10_73A1_DMSOMeOD
Adiabatic ghmbe
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Appendix 16 13C (150 MHz) and 'H (600 MHz) NMR Data for puromycin B (compound
1, DMSO-d6:MeOD=1:1)

Position| & Oy |multi |[J(1H-1H) in Hz |COSY |HMBC

2 15218 |8.16 |s 6,4
4 150.36
5 12068
6 1553
ba ND
8 138.27 | 8.32 |s 5.4
1 90.22 | 5.93 [d 3.2 3 8,4
2 73.67 | 448 |m
3 50.96 | 4.46 |m 1
4 837 | 39 |s 5

. 3.66 |d 21 ‘
> 6L17 3.44 |dd 12.63.5 4
1" 17273
2" 55.01 |454|dd |8562 3" 1".3"

p 2.89 |dd 13.36.3 . .oy gy
3 37.67 573 ldd 13985 2 5°9"1"2
5"9" |13053|7.13|d 84 6"8" |7"3"5"9"
6"8" | 11398 |6.79 |d 8.4 59" |7"5"9"6"8"
7" 158.9
7a" 55.01 |3.69 s 7
2a 171.04
2b" 2209 |1.78 Z2a"
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Appendix 17 Characterisation of compound 9

Compound 9 (JB1081B) was isolated as a yellow film. A deprotonated molecule was
observed in negative-ion mode HRESIMS at m/z 313.1090, which indicated the
molecular formula CigH180s5 and requiring 10 degrees of unsaturation. A multiplicity-
edited HSQC experiment revealed nine carbon centres connected to 15 protons, which
indicated the presence of three exchangeable protons. Sample paucity hindered the
direct acquisition of a 3C NMR spectrum and accordingly, structure elucidation was

achieved using 2D NMR data.

A 1,2,3-trisubstituted aromatic ring was indicated by diagnostic scalar coupling
constants and the observation of COSY correlations from doublets H-5 (61 7.17,/=8.1
Hz) and H-7 (64 6.90, J = 8.1 Hz) to the H-6 triplet (6n 7.51, J = 8.0 Hz). Correlations in
the HMBC spectrum established the relative positions of the non-protonated carbons
with three-bond correlations appearing more strongly than two bond correlations in
aromatic rings. Strong correlations were observed from H-6 to non-protonated
carbons C-5a (6¢ 139.0) and C-8 (&¢ 158.3), with the latter established to be ortho- to
CH-7 due to a weak correlation from H-7 to C-8. The H NMR resonances for H-5 and
H-7 each exhibited reciprocal correlations to each other's carbon (6¢ 118.2 and 111.8,
respectively) and a shared correlation to C-8a (6¢ 113.4), with an extra correlation
observed from H-5 to singlet aromatic methine C-10 (8¢ 119.1). In addition to C-5 and
C-8a, H-10 (6n 7.10) displayed three-bond HMBC correlations to non-protonated
carbon C-9a (6¢ 108.4) and the singlet methine carbon C-4 (6¢ 61.2). Substitution by a
methyl ketone at C-4 was established through HMBC correlations from the methyl
CH3-12 (61 2.39, 6c31.6) proton resonances to C-4 and C-11 (6¢ 205.4). In addition to
C-9a, C-10 and C-11, H-4 (6u 4.22) correlated to methylene C-2 (6¢ 45.7), non-
protonated aromatic C-4a (6¢ 131.9) and oxygenated quaternary carbon C-3 (6¢ 73.8),
thereby establishing C-3 and C-4a as the remaining neighbouring carbons either side
of C-4. An ethyl branch chain connected to C-3 was indicated through COSY
correlations between protons on CHs-14 (64 1.08, 6¢ 6.6) and CH2-13 (6n 1.74, 6¢ 32.1),
in conjunction with HMBC correlations from H-13 and H-14 to C-3. The diastereotopic
methylene protons of CH-2 (6w 3.45, 2.74, 8¢ 45.7) correlated to C-3 and C-4 in

addition to ketone carbon C-1 (6¢ 202.6) and a very weak correlation to C-9a. With
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one carbon, three oxygens, three exchangeable protons and one degree of
unsaturation left to be assigned, these could be accounted for by an additional ring
with C-9 bridging between C-8a and C-9a, and with three hydroxyls situated at
positions C-3, C-8, and C-9 to give the planar structure of JB10_81B. The relative
configuration of C-3 and C-4 was determined from a ROSEY correlation between H-4
and Hs-14, indicating both to be on the same face of the ring (Appendix 22). 1H NMR,
COSY, HSQC, HMBC of compound 9 was provided in Appendices 18-21.
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Appendix 18 *H NMR of compound JB1081B (compound 9)
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Appendix 19 COSY of JB1081B (compound 9)
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Appendix 20 HSQC of JB1081B (compound 9)
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Appendix 21 HMBC of JB1081B (compound 9)
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Appendix 22 13C (150 MHz) and *H (600 MHz) NMR Data for JB1081B (compound 9,

CDCl3)
3¢ H HMBC ROSEY

pos. JS(ppm) mult S(ppm) mult J(Hz) COSY (*H to 13C) (*H to *H)

1 202.6 C

2a 45.7 CH, 3.45 d 18.4 2b 1,3

2b 2.74 d 184 2a 1,3, 4, 9a(w)

3 73.8 C

61.2 CH 4.22 S 2,3,44a,949, 10, 11 14

4a 131.9 C

5 1182  CH 7.17 d 81 6 5(w) 7, 8a, 10

5a 139.0 C

6 132.9 CH 7.51 t 8.0 5,7 53,8

7 111.8 CH 6.90 d 8.1 6 5, 8(w), 8a

8 158.3 C
8a 113.4 C

9 ND C

9a  108.4 C

10 119.1  CH 7.10 s 4,5,5a(w) 8a, 9a

11  205.4 C

12 316  CHs 2.39 s 4,11

13 321 CH: 1.74  mult 14 2,3,14

14 6.6 CH3 1.08 t 7.5 13 3,13 4

ND  Not Detected
(w)  Weak

— HMBC
----» Weak HMBC

ROSEY
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Appendix 23 'H NMR of homorableomycin (compound 10)
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Appendix 24 COSY of homorableomycin (compound 10)
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Appendix 25 HSQC of homorableomycin (compound 10)
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Appendix 26 HMBC of homorableomycin (compound 10)
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Appendix 27 3C (150 MHz) and 'H (600 MHz) NMR Data for homoreableomycin
(compound 10, CDCls)

Position | &c Oy | multi [J(1H-1H) in Hz |COSY |HMBC
1 196.4
302 |m
2 51.7 29 dd 148,19 13,4, 4a(w),12b
3 744
3-OH |ND
4 420 (307 |m 4a,512b,3
4a 150.8
5 1221 704 s 4,6a,12b,6
6 163.8
6-OH 1232 |s 6.,5,6a,4a(w)
ba 116.7
7 ND
fa 1151
8 162.1 |
8-OH 1168 |s 7a,8,9 —COSY
9 1240 [727 |m 10or 11 |7a,11,8 A T HMBE
---- »= Weak HMBC
o T
11a 1355
12 183.1
12a ND
12b [1294
13 353 173 |t 7.6 14 42,314
14 7.5 1.04 13 133
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