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ABSTRACT

Streptomyces clavuligerus is the producer of clavulanic acid; a B-lactamase inhibitor that is
used in combination with the antibiotic amoxicillin to treat many bacterial infections. The
unique genome of S. clavuligerus includes a chromosome, and four linear plasmids pSCL1,
pSCL2, pSCL3 and the megaplasmid pSCL4, which is the largest linear plasmid ever identified
at 1.8 Mb in size. In order to study the genomic architecture of S. clavuligerus strains, we
established an optimised method of pulsed-field gel electrophoresis, which allowed
visualisation of the three giant linear plasmids pSCL2, pSCL3 and pSCL4, as well as
chromosomal fragments in order to establish the physical map of the S. clavuligerus genome.
Furthermore, to establish a foundation on which the genomic analyses of industrial strains
of this species could be carried out, we closed the genome sequence of the S. clavuligerus
type strain DSM 738, using a combination of short-read Illumina sequencing and long-read
PacBio technology. Additionally, the telomeres of the five replicons were purified by a self-
ligation method, and identification of the sequences confirmed that the five replicons carry
archetypal telomeres, with the chromosome and megaplasmid sharing identical telomeric
sequences. Streptomycetes telomeres are maintained by the terminal proteins Tap and Tpg,
however, while copies of the genes encoding these proteins were identified in pSCL4, pSCL3
and pSCL2, the chromosome carries none, making these the only known essential elements
missing from the chromosome. Moreover, in order to investigate the essentiality of the
megaplasmid in S. clavuligerus, we cured pSCL4 by targeting parB with CRISPR/Cas9. This
caused deletion of the chromosomal ends and circularisation, confirming that pSCL4 Tap-Tpg
are required for maintaining the chromosome telomeres, and cannot be complemented by
the proteins encoded on the other two plasmids. In addition, pSCL4-free strains were
confirmed to be non-sporulating as well as presenting a phenotype of short and thin hyphae,
in addition to higher branching frequency. Some mutant strains also exhibited reduced
clavulanic acid production which confirmed that the loss of pSCL4 has important effects on
morphological development and secondary metabolism of S. clavuligerus.

Overall, with this study we have closed the genome sequence of S. clavuligerus type strain
and optimised a method for rapid screening of the S. clavuligerus mutant strains that will
greatly benefit the industry for development of production strains. Additionally, we have
confirmed that pSCL4 is a dispensable plasmid, but is yet necessary for maintaining optimum

fitness of this bacterium.



1. INTRODUCTION

Bacterial infections have been one of the leading causes of morbidity and mortality
throughout history. Despite the development of modern medicine, they still represent a
great concern for public health worldwide, with infectious diseases such as tuberculosis,
meningitis and pneumonia that impair or take countless lives every year. Antibiotics have
been the principal form of therapy for bacterial infections since the 1940s, reducing
significantly the severity and mortality of infectious diseases ever since. Antibiotics originate
naturally from the secondary metabolism of other microorganisms as a mechanism of
defence, and represent a key factor in the evolution of prokaryotes (Gupta, 2011). The
discovery of the first antibiotic penicillin by Alexander Fleming in 1928, and its clinical success
against Gram-positive bacteria, led to the study of other antibiotic-producing organisms that
prompted the discovery of many clinically important compounds and their subsequent
development to an industrial scale. Members belonging to the phylum of Actinobacteria are
highly prolific in producing bioactive metabolites, to the point of producing two-thirds of the
available antimicrobials (Watve et al.,, 2001), establishing actinomycetes as “nature’s
pharmacists” for their large contribution to control and prevent many infectious disease
during the past few decades. Nonetheless, the high rate of antibiotic discovery added to the
extended overuse of antimicrobial drugs during the last few decades have resulted in
emergence of antibiotic resistance, in such species as Staphylococcus aureus, Klebsiella
pneumoniae and Pseudomonas aeruginosa, which caused severe disease outbreaks in recent
decades (Boucher et al., 2009). Antibiotic resistance is a global problem that is responsible
for 700,000 deaths per year, and it is expected to rise to over ten million deaths by 2050
(O’Neill, 2016), representing one of the greatest threats to human health at the moment. In
order to face the problem of multi-drug resistant infections, there are several factors that
can be taken into consideration: firstly, the demand of antibiotic drugs should be reduced by
taking actions to promote rapid diagnostics and the use of vaccines, increasing public
awareness, and reducing unnecessary use in agriculture; and secondly, by increasing the
number of effective antibiotics by promoting the investment of discovery of new compounds
and improving the effectivity of existing ones. Unfortunately, the discovery of naturally
occurring antimicrobial compounds has diminished over the last few decades and
researchers have to find ways to stimulate the production of new and better bioactive
compounds by, for example, metabolic engineering of producing strains (Weber et al., 2015).

Furthermore, the study of antibiotic-producing microorganisms, such as streptomycetes has



led to the discovery of mechanisms that counteract the action of antibiotic resistance, such
as the production of B-lactamase inhibitors. The exhaustive study of organisms able to inhibit
antibiotic-resistance mechanisms is a promising approach to contribute to the fight against

multi-drug resistant pathogens.

1.1 Clavulanic acid: an agent against antimicrobial resistance.

B-lactam antibiotics are considered one of the most important biotechnological products.
They represent around 65% of the total number of clinically used antibiotics in the world and
include penicillins, cephalosporins, carbapenems and monobactams (Elander, 2003). They all
share a common structural feature: the B-lactam ring, which confers a three dimensional
shape to the molecule, necessary for the antimicrobial activity. The mechanism of action is
based on the inhibition of enzymes necessary for the synthesis of the bacterial peptidoglycan
wall (Goffin and Ghuysen, 1998). This creates wall permeability and loss of cellular
homeostasis, which leads to activation of autolysins and eventually, death of the cell

(Heidrich et al., 2001).

The structure of B-lactam antibiotics has undergone a continuous evolution since their first
introduction, driven by the emergence of bacteria resistant to each generation of novel 8-
lactam antibiotics. The introduction of changes in the structure, enabled pharmaceutical
companies to stay ahead in the race with resistant bacteria for a brief period of time (Kong
et al., 2010). However, the great selective pressure placed by antimicrobial agents led to
appearance of highly resistant microorganisms, which endangers the continuation of this

class of drug in clinical medicine, as well as posing a serious risk to public health worldwide.

Resistance to B-lactam antibiotics is mediated by the ability to produce B-lactamases, which
are enzymes that inactivate these compounds irreversibly by hydrolysing the B -lactam ring
(Abraham and Chain, 1940). More than 300 types of B-lactamases are produced by clinically
important microorganisms such as S. aureus, K. pneumonieae, P. aeruginosa and
Acinetobacter baumannii (Ambler, 1980; Majiduddin et al., 2002). However, the action of -
lactamases can be counteracted by utilising B-lactamase inhibitors that bind irreversibly to
the active site of the enzyme (Bush, 1988), such as the commercially available clavulanic acid,

tazobactam or sulbactam.

Clavulanic acid was the first B-lactamase inhibitor to be discovered, and also the first to be

introduced to the clinic (Reading and Cole, 1977). It was isolated from Streptomyces



clavuligerus in the 1970s as it inhibited the growth of a B-lactamase-producing strain of
Klebsiella aerogenes in the presence of Benzylpenicillin (Brown et al., 1976). Clavulanic acid
belongs to the family of clavams and differs from the penicillin by having an oxygen instead
of asulphurin the B-lactam ring (Figure 1.1). The mechanism of action is related to the unique
3R, 5R stereochemistry of the molecule that enables the irreversible binding of the B-lactam
ring to the hydroxylic group of a serine residue in the active site of the enzyme, resulting in a
stable acylated metabolite that is inactive against B-lactams (Liras and Rodriguez-Garcia,
2000). It is particularly effective against penicillinases and cephalosporinases (Neu and Fu,

1978).

Although clavulanic acid alone exhibits low antimicrobial activity, when combined with (-
lactam antibiotics it enables the restoration of the antibiotic action against B-lactamase-
producing pathogens (Figure 1.2). Amoxicillin-clavulanic acid combinations have been
evidenced to effectively inhibit the growth of S. aureus, Escherichia coli, Klebsiella
pneumoniae and Haemophilus influenza among others (Bush and Johnson, 2000).
Combination of amoxicillin-clavulanate has been commercially available since 1981, under
the name of Augmentin® by GSK (GlaxoSmithKline), and it is commonly used to treat
respiratory tract infections such as community-acquired pneumonia, otitis media and chronic

bronchitis (White et al., 2004).

1.2 Streptomyces clavuligerus: the clavulanic acid producer.

The extension of antimicrobial resistance has driven the investigation of strains able to
produce inhibitors. To date, clavulanic acid is produced by three species of Streptomyces: S.
clavuligerus, S. jumonjinensis and S. katsurahamanus, although S. clavuligerus is considered
the model system as it is the most widely studied and utilised bacterium for industrial
production of clavulanate (Jensen and Paradkar, 1999). S. clavuligerus was first described in
1971 by Higgens and Kastner, who were conducting a study of B-lactam-producing strains,
and revealed its ability to produce penicillin N and cephamycin C (Higgens and Kastner, 1971).
Since then, it has been the subject of many studies for its antibiotic, antifungal activities, as
well as B-lactamase-inhibition, which was first observed in 1976 as previously mentioned

(Brown et al., 1976). Images of S. clavuligerus mycelium are presented on Figure 1.3.
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Figure 1.1. Chemical structures of the B-lactam antibiotics clavulanic acid and amoxicillin
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Figure 1.2. Schematic overview of the treatment with amoxicillin alone (A) and amoxicillin + clavulanic
acid (B) on B-lactam resistant bacteria. A: The bacteria are able to inactivate amoxicillin molecules by
the production of B-lactamases that bind to the antibiotic. B: Clavulanic acid restores amoxicillin
activity by inhibiting the B-lactamases.



Figure 1.3. Fluorescence microscopy images of S. clavuligerus LEON strain mycelium. Peptidoglycan
was stained with fluorescein isothiocyanate-wheat germ agglutinin (FITC-WGA) and is presented in
green under a FITC emission filter. Nucleic acids were stained with propidium iodine and are presented

in red under a 600 nm emission filter.



1.2.1 The genus Streptomyces.

S. clavuligerus belongs to the phylum Actinobacteria, family Streptomycetaceae. Being the
largest genus of the actinobacterial phylum, Streptomyces include heterogeneous Gram-
positive bacteria with linear chromosomes rich in guanine and cytosine (G+C) (Labeda et al.,
2012). They are multicellular, filamentous, sporulating organisms commonly found in soil
where they exhibit a complex life cycle (Kdmpfer, 2006). The life cycle starts by germination
of dormant spores when nutritional and environmental conditions are favourable,
developing the vegetative or substrate mycelium by apical extension of the hyphae and
branching. During cell division, hyphal cross-walls are formed that separate compartments
with multiple copies of the chromosome. These compartments are elongated by synthesis of
peptidoglycan cell wall material at the lateral walls. Aerial mycelia develop when nutrients
start to deplete, a process controlled by the bld genes, that give colonies a white appearance.
Sporulation eventually takes place by the expression of whi genes that induce segmentation

and coiling of the hyphae into chains of spores (Piette et al., 2005; Chater, 1993).

bld and whi are among the genes responsible for the transition from primary to secondary
metabolism. The primary metabolism involves the essential processes for the growth of the
bacteria that are common in streptomycetes, including the uptake, transport and conversion
of diverse metabolites and nutrients such as carbon and nitrogen (Barka et al., 2016).
However, the importance for the study of Streptomyces lies on their extensive secondary
metabolism, which, unlike primary metabolism, is specialised and species-specific, and
responsible for the production of clinically-relevant bioactive metabolites such as antibiotics
whose expression is regulated by global primary regulators and coordinated with the
morphological differentiation. These secondary metabolites are encoded in gene clusters
within the genome (Liu et al., 2013). S. clavuligerus in particular is estimated to harbour 48
of these putative secondary gene clusters (Medema et al., 2010), which include those coding
for bioactive compounds such as cephamycin C, a B-lactam antibiotic, the antitumor agent
holomycin, as well as, clavulanic acid and other 5 types of clavams (Baggaley et al., 1997; Li

and Walsh, 2010).

1.2.2 Biosynthesis of clavulanic acid.
The clavulanic acid biosynthetic gene cluster is located on the chromosome, adjacent and
downstream to that which codes for cephamycin C. Expression of both metabolites is

controlled by the same type of regulators, SARP (Streptomyces antibiotic regulatory proteins)



(Paradkar, 2013). The biosynthesis of clavulanic acid, in particular, is controlled by a series of
genes that are organised hierarchically (Liras, et al., 2008). The first level genes, ccaR and
claR, are regulated by global cellular mechanisms such as those involved in morphological
differentiation including production of aerial mycelium and sporulation in response to
nutritional conditions and environmental imbalances. bld genes, and production of
autoregulatory y-butyrolactones are involved in the regulation of these genes (Paradkar,
2013). ccaR located in the cephamycin C cluster encodes the SARP regulator and regulates
the expression of “early” genes and, at the same time, the transcription of claR into a LysR-
type regulator that activates the “late” genes in the clavulanic acid biosynthesis pathway
(Figure 1.4B). The early genes are duplicated in the genome of S. clavuligerus as they are also

involved in the biosynthesis of a 3S, 5S clavam metabolite.

The precursors of clavulanic acid synthesis are arginine and D-glyceraldehyde-3-phosphate,
their concentration, as well as the concentration of the arginine intermediate ornithine,
stimulate the biosynthesis of clavulanate (Romero et al., 1986).The early steps start with the
condensation reaction of the C5 of arginine and C3 of D-glycerladehyde-3-P to form CEA (N2-
(2-carboxyethyl)-arginine), catalysed by CEA synthase encoded in cea$ gene (Pérez-Redondo
et al., 1999) (Figure 1.4A). The synthesis of the B-lactam ring is catalysed by B-lactam
synthase B-LS (bls gene) (Bachmann et al, 1998). The following reactions involve
hydroxylation, hydrolysis and cyclization into clavaminic acid, which are catalysed by CAS
(clavaminate synthase) and PAH (proclavaminate amidinohydrolase) enzymes (Baldwin et al.,
1993; Wu et al., 1995). Clavaminic acid is known to be also an intermediate of the 5S clavams
(Mosher et al., 1999). The late steps involve the conversion into clavulanic acid, which is
mediated by GCAS (glycylclavaminate synthase encoded in orf-17) and CAD (clavaldehyde
dehydrogenase) (Jensen et al., 2004; Pérez-Redondo et al., 1998).

1.2.3 The genome of S. clavuligerus.

Streptomycete chromosomes are highly unstable and so the evolution of their genomes is
very dynamic and has been the subject of many studies (Chen et al, 2002). Their
chromosomes are linear and range in length from 8 to 10 Mb, being some of the largest
genomes within bacteria (Ventura et al., 2007). The analysis of the genome sequence of
Streptomyces coelicolor and Streptomyces avermitilis established a broader knowledge about
the chromosome organisation, where most of the essential genes for primary metabolism,

cell division, DNA replication, transcription and protein biosynthesis, lie in the conserved core



S T CEAS

éj( B 3
KLOH " ceas .
CHO H2">\000H

Glyceraldehyde-3-P Arginine Decxvguanldlnu pruclavamlnchud
v v g (NZ—(2—carboxyethyl)—arg|n|ne)

CGS\CAS
H NH
NH; g )K‘
CAS H ) PAH OH N Ha
e H
cas pah F"W
o o
O0OH
Clavaminic Acid Proclavaminic Acid Guanidino-proclavaminic Acid
QCGS\SCAS
H

L

—0 . a0 OH
_ CAD J=/_
_—
) cad . /

Foon Zoon
N-Glycylclavaminic Acid Clavaldehyde Clavulanic Acid

gl == [ mp b ) o o e

ccaR ceaS bls pah cas oat oppA claR cad cyp fd ORFs12-23
\ J\ )

| T
early genes late genes

Figure 1.4. Biosynthesis of clavulanic acid. A: Biosynthetic pathway from precursors glyceraldehyde-3-
phosphate and arginine, indicating the enzyme that catalyses the reaction on each step and the gene
that codes for the enzyme (in green). B: Genes involved in the regulation and biosynthesis of clavulanic
acid located in the cephamycin C cluster (in blue), and the clavulanic acid cluster (in orange).



region of the chromosome (Bentley et al., 2002; Ikeda et al., 2003). The terminal arms in the
other hand are species-specific and more variable and susceptible to rearrangements,
harbouring genes responsible for secondary metabolite production and other adaptive
responses, they are usually exchangeable, with the exception of the extreme ends where the

machinery for terminal replication is located (Bentley et al., 2002; Hopwood, 2006).

Extrachromosomal elements, such as circular or linear plasmids, are also common in
Streptomyces strains, and are often responsible for the transfer of exchangeable genes from
variable regions of the chromosome. They present a similar G+C content to the chromosome
and sizes that range between 10 and 1,800 kb, carrying their own origin of replication (oriC)
and ParA and ParB partitioning proteins, they display replicative autonomy (Kieser et al.,
2000; Medema et al., 2010). In addition, they often harbour secondary metabolite clusters,
which is often the case for giant linear plasmids such as SCP1 of S. coelicolor and pSLA2-L of
S. rochei that encode methylenomycin A and lankamycin production respectively (Kirby and

Hopwood, 1977; Mochizuki et al., 2003).

The genome of S. clavuligerus type strain ATCC 27064 has been the subject of many studies.
Physical and next-generation sequencing analyses established a linear chromosome of
around 6.8 Mb which was predicted to carry 23 putative secondary metabolite clusters,
including the clavulanic acid cluster (Chen et al., 1994; Song et al., 2010; Medema et al., 2010;
Hwang et al., 2019). Additionally, four linear plasmids have been confirmed to belong to the
genome of S. clavuligerus, which are known as pSCL1, pSCL2, pSCL3 and pSCL4. The smallest
one pSCL1 of 11.7 kb was first purified in the 80’s by sucrose gradients and its complete
sequence was determined by Sanger sequencing (Keen et al., 1988; Wu and Roy, 1993).
Evidence of the presence of pSCL2 and pSCL3 was first obtained with pulsed-field gel
electrophoresis, a technique commonly used to detect large DNA molecules that cannot be
detected using normal gel electrophoresis; but it was not until 2010 that sequencing data
was obtained for both plasmids by Sanger and 454 sequencing technologies estimating the
sizes of 150 and 444 kb respectively (Netolitzky et al., 1995; Song et al., 2010). Also in 2010,
it was first discovered the presence of pSCL4 by SOLiD sequencing, and it was estimated to
have a size of 1.8 Mb (Medema et al., 2010). A table compiling general characteristics of the
five replicons of S. clavuligerus ATCC 27064 is presented on Table 1.1. Additionally, two other
S. clavuligerus strains with industrial origin have been sequenced: strains F613-1 and F1D-5,

which present a larger chromosome and smaller pSCL4 (Cao et al., 2016). These differences
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from the type strain are probably due to genomic rearrangements during the strain

development.

pSCL4, commonly referred as the megaplasmid, is the largest linear plasmid so far sequenced
and is predicted to harbour 25 putative secondary metabolite gene clusters that include the
antibiotics staurosporine, monoenomycin and other B-lactams (Medema et al., 2010).
Additionally, sequencing results revealed that pSCL4 presents genetic material that is
characteristic from Streptomyces chromosomes and was likely acquired by horizontal gene

transfer (Medema et al. 2010).

Comparison of the sequence of S. clavuligerus chromosome and megaplasmid with other
Streptomyces genomes showed that the sum of genomic features of the chromosome and
plasmid matches the values found in other sequenced Streptomyces species, such as the size
(6.760 Mb + 1.796 Mb= 8.556 Mb) and coding sequences (5700 + 1581= 7281) as indicated
on Table 1.2 (Medema et al., 2010). This, in conjunction with the small size of the S.
clavuligerus chromosome, suggests that the megaplasmid is derived from the chromosome,
endowing some of the chromosomal regions. Given the central location of the origin of
replication of pSCL4, a single recombination event could not explain the evolution of the
megaplasmid, for this reason, Medema et al. proposed three hypotheses that involved a
double crossover of the core regions of the chromosome and a small plasmid, two
recombination events that took place consecutively and resulted in a symmetrical replicon,

or integration and followed by breaking off of a plasmid.

The studies of Medema et al., 2010 also confirmed that the chromosome harbours all the
housekeeping genes responsible for primary metabolism and therefore the megaplasmid is
not considered essential for the growth of the organism, although this theory is yet to be
confirmed. Regarding secondary metabolism, apart from the numerous putative metabolites
encoded on the megaplasmid, there is some evidence of potential cross-linked regulation
between the plasmid and the chromosome, as pSCL4 encodes genes such a y-butyrolactone
receptor (ScaR/Brp) that is involved in repressing the synthesis of clavulanic acid and
cephamycin C (Kim et al., 2004; Santamarta et al., 2005). In addition, the studies of Medema
et al., 2010 identified the terminal proteins-coding genes tap and tpg in pSCL4, however,
they were not identified in the sequence of the chromosome, predicting that the latter might

rely on the megaplasmid to provide these proteins.
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Table 1.1. General characteristics of the 5 replicons found in Streptomyces clavuligerus ATCC 27064,

including the main chromosome, and the four plasmids pSCL1, pSCL2, pSCL3 and pSCL4 (Wu and Roy,
1993; Song et al., 2010; Medema et al., 2010).

Replicon Size GC Coding 2°Y metabolites Examples of 22"
(kb) (%) sequences clusters metabolites

Chromosome 6,760  72.69 5,700 23 clavulanic acid,

cephamycin C, holomycin

pSCL1 105  71.96 10 - -

pSCL2 149.4 70.07 159 - -

pSCL3 444.2 70.77 423 - -

pSCL4 1,796  71.85 1,581 25 staurosporine,

moenomycin, B-lactams

Table 1.2. Comparison of the genome architecture of S. clavuligerus with Streptomyces. coelicolor,

Streptomyces avermitilis and Streptomyces griseus. Adapted from Medema et al. 2010. Mb:

megabasepairs. Chrom: chromosome.

S. clavuligerus S. coelicolor  S. avermitilis S. griseus
Chrom +

Replicon Chrom pSCL4 pSCLA Chrom Chrom Chrom
Sequence 6.760 1.796 8.556 8.668 8.546 9.026
length (Mb)
Coding 5,700 1,581 7,281 7,825 7,574 7,138
sequences
2a
metabolite 23 25 48 20 30 34
clusters
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1.3 The role of terminal proteins in replication of Streptomyces telomeres.

Streptomycetes, along with other actinomycetes such as Kitasatopora and Rhodococcus, are
among the few types of bacteria that carry linear chromosomes and plasmids (Lin et al., 1993;
Chen et al., 1994). Although the benefit of having linear chromosomes is unclear, it has been
hypothesised that linearity might increase adaptability in their vegetative lifestyle by
facilitating genome rearrangements that provides an accelerated evolution (Chater and
Kinashi, 2007). Linearity implies the presence of chromosomal or plasmid ends, known as

telomeres, which is a very rare aspect within prokaryotes.

Streptomycetes chromosomes and linear plasmids carry telomeric sequences that are
densely packed with palindromic sequences and are almost identical at both ends. These are
known as terminal inverted repeats, and range in size from 14 bp (Streptomyces
hygroscopicus) to over 1 Mb (S. coelicolor) (Lin et al., 1993; Weaver et al., 2004). Most
Streptomyces species carry conserved telomeres known as archetypal telomeres that carry
up to seven palindromes in the first 180 bp. Examples of these are the telomeres of S.
coelicolor chromosome, and the Streptomyces lividans chromosome and plasmid SLP2
(Huang et al., 1998). These and other examples of archetypal telomeres are illustrated in the
alignment on Figure 1.5. These telomeres were extracted from streptomycetes genomic DNA
using glass beads-binding, and cloning into vectors to obtain the telomeric sequence (Huang
et al., 1998). The characterisation of the telomere sequences allowed identification of the
seven conserved palindromes, as shown in the alignment, with particular relevance of
Palindrome I, containing the first and last 13 nucleotides of the molecule, which is identical
in all archetypal telomeres (Huang et al., 1998). Interestingly, this work included the
telomeres of S. clavuligerus plasmids pSCL1 and pSCL2, confirming these replicons carry
archetypal telomeres, although the telomeres of S. clavuligerus chromosome and other two

plasmids have not been characterised yet.

The ability of telomeres to bind to glass beads lies on the presence of terminal proteins (TP)
that cap the chromosome ends (Lin et al., 1993). These proteins are necessary for the
conservation of telomeres in streptomycetes acting like the telomerase system from
eukaryotes. Two terminal proteins have been confirmed to be essential for the maintenance
of telomeres: Tap and Tpg. Archetypal TPs are highly conserved in sequence and size among
different Streptomyces species, and are encoded by the tap and tpg genes located on the

same operon towards the chromosome terminus (Yang et al., 2002). These proteins carry
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Figure 1.5. Alignment of the archetypical telomeres (180 nucleotides) of Streptomyces chromosomes (in black) and plasmids (in red). The
palindromic sequences are indicated in roman numerals and blue arrows. Adapted from Huang et al., 1998.
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helix-turn-helix domains that allow interaction with specific telomeric sequences during

replication.

Upon DNA replication, whereas most bacteria yield two circular replicons, streptomycetes
produce two linear molecules proceeding bidirectionally from oriC, located internally on the
central region, towards the two ends of the chromosome (Musialowski et al., 1994). Given
the bidirectional nature of the replication, the maturation of the Okazaki fragments of the
lagging strand leaves single-stranded overhangs of around 300 nucleotides at the 3’ end that
cannot be replicated by the replisome (Figure 1.6) (Chen et al., 1994). Due to the presence
of multiple palindromic sequences at the telomeres, the single-stranded overhang folds into
compact secondary structures of hairpin loops that are thought to be resistant to the attack
of nucleases (Huang et al., 1998). The structures formed by the first four palindromes are
thought to be essential for telomere replication and have been studied in detailed by the
group of Dr Carton W. Chen (National Yang-Ming University, Taipei), who established two
models that represent the most thermodynamically stable forms of single-stranded
archetypal telomeres. The Clover Leaves model, in which the first four palindromes form
independent hairpins or loops; and the Rabbit Ears model, in which palindromes | and IV
share one loop forming a duplex of 13 base-pairs (Figure 1.7) (Yang, et al., 2015; Yang et al.,
2017).

After replication, if the lagging strand is not completed, it would risk the loss of genetic
material with each replication round. In order to avoid so, Streptomyces replicons undergo a
mechanism called end patching, in which terminal proteins recognise the overhangs and
allow filling the gap. (Chang and Cohen, 1994; Qin and Cohen, 1998). The Tap protein
recognises and binds to the second and third palindromes on the telomere, and then recruits
the Tpg protein forming the Tap-Tpg heterodimer (Bao and Cohen, 2003; Yang et al., 2015).
The Thri** residue of Tpg provides the hydroxyl group that binds covalently to a first dCTP
and then Tap adds the following nucleotides up to the 13 (Palindrome 1) using the 3’
overhang as template (Yang et al., 2006; Yang et al., 2015). This 13-nt oligomer acts as a
primer for the DNA polymerase | that extends the rest of the gap yielding a full-length double-
stranded molecule and the proteins remain attached covalently to the 5’ end of the replicon
(Figure 1.8) (Yang et al., 2015). In addition, it has been evidenced how Tap can repair
truncated telomeric sequences, restoring and protecting the telomeres during replication.

However, this repair was established to only be possible following the Clover Leaves model,

15



Circular chromosome Linear chromosome

oriC
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Figure 1.6. Schematic representation of the replication of circular and linear chromosomes. Replication
of circular replicons proceeds from the origin of replication (oriC) towards the opposite point, yielding
two complete circular molecules. The replication of linear replicons has a central origin and continues
bidirectionally towards the ends. The maturation of the Okazaki fragments of the lagging strands leaves
single-stranded overhangs at the 3’ end of each new DNA molecule (indicated by red arrows).
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Figure 1.7. Two models were established by Yang et al., 2017 to explain the secondary structures of
archetypal telomeres. A: Telomere of S. coelicolor chromosome (100 nucleotides) indicating the
palindromes in roman numerals and arrows: in blue the Clover leaves model palindromes and in
orange the Rabbit eras model palindromes. B: Folded structures of the 3’ single-stranded overhangs
of S. coelicolor following the Clover leaves model and the Rabbit ears model. The palindromes are
indicated in roman numerals. Structures constructed using the mfold web server (University of Albany)
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Figure 1.8. End patching by terminal proteins (TPs) achieves maintenance of complete telomeric
sequences with each replication round. The palindromes are indicated in roman numerals.
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which indicates that this is the most probable conformation of single-stranded archetypal

telomere (Yangetal., 2017).

Although cases of almost identical telomeres between streptomycetes chromosome and
plasmids in the same organism have been evidenced, which is the case of S. lividans
chromosome and plasmid SLP2 (Huang et al., 1998), it is also common to find different
telomeres in replicons of the same organism, and so each replicon usually encodes its own
copy of tap and tpg. Different telomeres in the same strain were first observed in the S.
coelicolor chromosome and plasmid SCP1. Unlike the chromosome, SCP1 carry non-
archetypal telomeres that start with six G nucleotides instead of three Cs, and are maintained
by the non-archetypal Tap and Tpg homologous: Tac and Tpc (Bentley et al., 2004; Huang et
al., 2007). Another example of non-archetypal telomeres that are also different from SCP1
are the ones on the Streptomyces griseus chromosome, although they are also packed with

multiple palindromic sequences (Goshi et al., 2002).

In the case of S. clavuligerus, there is evidence of how the telomeres of pSCL1 and pSCL2 that
were characterised by Huang et al., 1998 carry archetypal telomeres, nevertheless, their
sequences differ greatly after the second palindrome. In contrast, the telomeres of S.
clavuligerus chromosome, pSCL4 and pSCL3 have not been purified and characterised,
however, the whole genome sequencing data from the industrial strain F613-1 chromosome,
as well as ATCC 27064 pSCL4 and pSCL3 show sequences highly similar to the first
palindromes of archetypal telomeres towards the ends implying that all S. clavuligerus
replicons might carry conserved archetypal telomeres (Cao et al., 2016; Song et al., 2010).
These putative telomeres showed low similarity to each other and to the known ones from
pSCL1 and pSCL2 beyond the first palindrome and were only found at one end and not the
other of the molecules, which evidences again the lack of completeness of the published
genome sequences. In addition, only one copy of the tap-tpg operon has been identified so
farin S. clavuligerus genome, which is the one located on pSCL4 (Medema et al., 2010). This
suggests that either the same terminal proteins are promiscuous enough to interact with
different telomeric sequences, or other unknown Tap and Tpg genes are encoded in the

genome of S. clavuligerus.
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1.4 Scope of the project

The action of clavulanic acid combined with amoxicillin (Augmentin®-GSK) against B-
lactamase-producing bacteria is currently an essential measure to treat severe infectious
diseases worldwide. With an estimated sales value of up to $1.3 billion per annum during the
past few decades, Augmentin® is still considered one of the largest selling antibacterial
formulations (Elander, 2003). S. clavuligerus is the strain used to manufacture clavulanic acid
at scale in a fermentation plant in Irvine (Scotland). Unfortunately, the clavulanic acid yield
by S. clavuligerus is low and overseas generic competitors for Augmentin® are exerting
intense commercial pressure that endangers its position in the market. Consequently, finding
strategies to improve the performance of S. clavuligerus is vital for the continuation of the

drug as a choice for antimicrobial therapy by GSK.

The genome sequence of S. clavuligerus, including four extrachromosomal elements, is yet
to be completed, however, the published data predicted the presence of more than 7000
coding sequences, 20% of which encoded in the extrachromosomal megaplasmid pSCLA4. It is
thought that this plasmid does not carry genes essential for primary metabolism and
therefore it is, in principle, dispensable for the growth of the organism. Elimination of the
plasmid would represent a significant reduction of metabolic burden by saving energy and
metabolic precursors, improving the stability of the strain and potentially increasing the
production of clavulanic acid. In addition, curing pSCL4 would help in elucidating the function
of plasmid genes and the energy expenditure difference between essential and secondary

metabolites.

Nevertheless, following the theory of Medema et al., 2010 regarding the presence of the only
copy of tap-tpg being in pSCL4, removal of the plasmid would deprive the chromosome from
the action of terminal proteins on telomere replication risking chromosomal shortening with
each replication round. For this reason, characterisation of the role of Tap and Tpg in the
replication of chromosomal telomeres is a key step prior to the elimination of the

megaplasmid from the total genome of S. clavuligerus.
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1.5 Specific aims

Study of the genome architecture of S. clavuligerus, including obtaining physical
evidence of the three giant linear plasmids and chromosomal restriction fragments by
Pulsed-field gel electrophoresis.

Obtaining a high quality complete genome sequence of S. clavuligerus DSM 738 using
the latest whole genome sequencing technology.

Extraction and characterisation of the S. clavuligerus chromosomal and plasmids
telomeres.

Investigation of the terminal proteins to elucidate their role in telomere replication and
protein-protein interactions.

Construction of tap-tpg-less mutants and study the repercussion of these deletions on
chromosomal linearity.

Elimination of the pSCL4 plasmid to study its implications on the physiology and
metabolism of S. clavuligerus and assess the clavulanic acid production in the absence of

the megaplasmid.
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2. MATERIALS AND METHODS

All the reagents and chemicals utilised in this project were provided by the following
suppliers: Promega, New England Biolabs (NEB), Fisher, Roche, Sigma Aldrich, Qiagen,

BioLine, Life Technologies, GE Healthcare, Oxoid, Alfa Aesar, Biotium and Bio-Rad.

2.1 Media and antibiotics

The culture media and the respective recipes are listed on Table 2.1. Each medium was
sterilised in an autoclave at 121°C for 15 minutes. The media used for the culture of S.
clavuligerus were adjusted to pH6.8. The antibiotics used for strain selection are indicated in

Table 2.2 and they were sterilised using 0.22 um filters.

Table 2.1. List of the media and their respective recipes used to culture microbial strains in this study.

Medium (Reference) Recipe

GYM 4 g Glucose

4 g Yeast extract

10 g Malt extract

2 g CaCOs

12 g Agar

Add 1000 ml distilled water
L3M9 (GSK) 3 g Dextrin

10 g Trehalose dihydrate

0.5 g K2HPOq4

1 g NaCl

1 g MgS0a

0.5 g CaClz

2 g Casamino acids

10.5 g MOPS buffer

1 ml Agar trace salts*

30 g Agar

Add 1000 ml distilled water
LB broth (Bertani, 1951) 10 g Tryptone

5 g Yeast extract

10 g NaCl

Add 1000 ml distilled water
LB agar (Bertani, 1951) 10 g Tryptone

5 g Yeast extract

20 g NaCl

20 g Agar

Add 1000 ml distilled water
TSB (Kieser et al., 2000) 17 g Casein peptone

3 g Soya peptone

5 g NacCl

22



2.5 g K2HPO4
Add 1000 ml distilled water
Adjust to pH6.8

2x YT (Kieser et al., 2000) 16 g Tryptone
10 g Yeast extract

5 g NaCl

Add 1000 ml distilled water

CM5 (GSK) 40 g Rape seed oil
11.5 g Maltodextrin
18 g Soya protein concentrate
3 g KH2PO4
19.8 g MES
1.6 g MgS04.7H.0
0.3 g (NH4)2S04
10 ml trace element solution
Add 1000 ml distilled water
Adjust to pH6.8

Nutrient agar 4g Difco nutrient broth powder
10g Agar
Add 1000 ml distilled water
Soft nutrient agar 4g Difco nutrient broth powder
5g Agar

Add 1000 ml distilled water

*trace element solution: 8.78 g/l FeCls, 2.04 g/1 ZnSQ4, 1.02 g/l MnCl,*4 H,0, 0.43 g/l
CuS04*2 H,0, 0.42 g/l Nal, 0.31 g/l H3BO3, 0.24 g/l CaCl,*6 H,0 and 0.24 g/l Na2MoQO,*2

H.O

Table 2.2. List of the antibiotic compounds used for strain selection, indicating the concentration of

the stocks as well as the final concentration in the media.

Antibiotic Stock [mg/ml] Final concentration [ug /ml]
Apramycin 50 in dH,0 50
Kanamycin 25in dH,0 25
Chloramphenicol 25in 100% Ethanol 25
Nalidixic acid 25in 0.15M NaOH 25
Carbenicillin 100 in dH,0 100
Hygromycin 50in dH,0 50
Thiostrepton 50in 100% DMSO 50
Streptomycin 100 in dH,0 100
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2.2 Microbial strains

All the microbial strains utilised, and their respective characteristics are shown on Table 2.3.

The S. clavuligerus strains DSM 738 and DSM 41826 were obtained from the German

Collection of Microorganisms and Cell Cultures (DSMZ).

Table 2.3. List of microbial strains used and constructed in this study, their genotype and reference.

Strain

Genotype

Reference

S. coelicolor M145

SCP1-, SCP2-

Kieser et al., 2000

S. clavuligerus DSM
738

Type strain. Wild type

Higgens & Kastner
1971

S. clavuligerus DSM
41826

Wild type

Higgens & Kastner
1971

S. clavuligerus Sc2

Industrial production strain

GSK

S. clavuligerus Scé

Industrial production strain

GSK

S. clavuligerus LEON

pSCL3-

Gomez-Escribano

E. coli
ET12567/pUZ8002

dam-13::Tn9, dcm-6, hsdM, hsdR, recF143,

2ij201::Tn10, galk2, galT22, ara14, lacYl, xylS, leuB6,
thi-1, tonA31, rpsL136, hisG4, tsx78, mtli, ginVV44, F-

MacNeil et al. 1992

E. coli competent recAl, endAl, gyrA96, thi, hsdR17 (rK—mK+), relAl, Promega
cells IM109 supE44, A(lac-proAB), [F’, traD36,proAB,

lacl9ZAM15]
SCLA22 738, pLIS22 integrated in chromosome This study
SCLA23 41826 pLIS22 integrated in chromosome This study
SCLA24 Sc2, pMS82 integrated in chromosome This study
SCLA82 738, pMS82 integrated in chromosome This study
SCLA405 738, pLIS405 integrated in pSCL4 This study
SCLA22-405 SCLA22, pLIS405 integrated in pSCL4 This study
SCLA6902 738, plJ6902 integrated in chromosome This study
E. coli BTH101 F-, cya-99, araD139, galE15, galK16, rpsL1 (Str'), Karimova et al.

hsdR2, mcrA1, mcrB1. 1998
SCLA-M1 pSCL4- This study
SCLA-M2 pSCL4-, larger pSCL3 This study
SCLA-M5 pSCL4-, pSCL3- This study
SCLA-Mc3 pSCL4-, pSCL3-, pLIS22 integrated in chromosome This study
SCLA405-Mc3 pLIS22 integrated in chromosome, pLIS405 This study

integrated in pSCL4
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2.3 Plasmids

All the plasmid utilised or constructed in this project are indicated in Table 2.4.

Table 2.4. List of plasmids and constructs used in this project. Amp: ampicillin, Hyg: hygromycin, Apr:

apramycin, Thio: thiostrepton, Kan: kanamycin, BACTH: bacterial two-hybrid, MCS: multiclonal

sequence site.

Plasmid Description Antibiotic  Reference
resistance
pGEM-T easy Cloning vector Amp Promega
pMS82 Integrative vector in Streptomyces Hyg Gregory & Smith 2003
plJ6902 Integrative vector in Streptomyces Apr, Thio Huang et al., 2005
pLIS22 pMS82 plus tap-tpg operon Hyg This study
pBGS19 Cloning vector Kan Spratt et al. 1986
plJ773 Cloning vector Apr Gust et al. 2002
PGEM-SP-Right =~ pGEM-T easy plus SP-Right Amp This study
pGEM-SP-Left pGEM-T easy plus SP-Left Amp This study
pLIS401 pBGS19 plus SP-Right Kan This study
pLIS402 pBGS19 plus SP-Right and SP-Left Kan This study
pLIS404 tap-tpg knock-out vector Kan, Apr This study
pWHM3 Shuttle vector E. coli/Streptomyces  Thio, Amp  Vara et al. 1989
pLIS405 tap-tpg knock-out vector Thio, Apr, This study
Amp.
pKT25 BACTH vector with T25 domain of Kan Karimova et al. 1998
CyaA, MCS at the 3’ end of T25
pKNT25 BACTH vector with T25 domain of Kan Karimova et al. 1998
CyaA, MCS at the 3’ start of T25
pUT18 BACTH vector with T18 domain of Amp Karimova et al. 1998
CyaA, MCS at the 3’ start of T18
pUTC18 BACTH vector with T18 domain of Amp Karimova et al. 1998
CyaA, MCS at the 3’ end of T18
pKT25-zip pKT25 plus leucine zipper of GCN4 Kan Karimova et al. 1998
pUT18C-zip pUT18 plus leucine zipper of GCN4  Amp Karimova et al. 1998
pLIS611 pKT25 plus pSCL4 tap Kan This study
pLIS631 pUT18 plus pSCL4 tap Amp This study
pLIS731 pKT25 plus pSCL4 tpg Kan This study
pLIS711 pUT18 plus pSCL4 tpg Amp This study
This study
pLIS612 pKT25 plus pSCL2 tap Kan This study
pLIS632 pUT18 plus pSCL2 tap Amp This study
pLIS732 pKT25 plus pSCL2 tpg Kan This study
pLIS712 pUT18 plus pSCL2 tpg Amp This study
pLIS613 pKT25 plus pSCL2 tap Kan This study
pLIS633 pUT18 plus pSCL2 tap Amp This study
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pLIS733 pKT25 plus pSCL2 tpg Kan This study
pLIS713 pUT18 plus pSCL2 tpg Amp This study
pGE240 CRISPR/Cas9 plasmid, targets Apr Gomez-Escribano
pSCL4_parB
pUC19 Cloning vector Amp Yanisch-Perron, Vieira
and Messing, 1985
2.4 Primers

The primers used for PCR amplification can be found in Table 2.5. Primers were designed

using SnapGene Software version 4.2.11, and they were synthesised using the services of

Integrated DNA Technologies (IDT).

Table 2.5. List of primers designed and used for this study. The restriction sites used for cloning are
highlighted in bold. GGATCC, BamHI; TCTAGA, Xbal; AAGCTT, Hindlll; GAATTC, EcoRl; ATGCAT, Nisil.
Fw: forward; Rv: reverse. Tm: melting temperature.

. Direct ) oy Tm
Name Gene(s)/Region ion 5’ - 3’ Sequence )
PTP-F-Hindlll Fw GTAAGCTTGACCGTGGCGGGATGT 63.4
. pSCL4 tap-tpg

PTP-R-Nisil Rv TAATGCATGCAGGGCAGGACCGTT 63.3
Apr_BamHI_Fw Apramycin Fw ATGGATCCTGTAGGCTGGAGCTGCTTC 63.6
Apr_Xbal_Rv resistance gene  Rv GTTCTAGAATTCCGGGGATCCGTCGACC 63.3
SP-R-EcoRIXbal Right flanking Fw GAGAATTCTCTAGATGAGGTATTCGCCCTTGCCGTT 64.0
SP-R-BamHI region Rv TAGGATCCATACCTCCGCGCAGAACACTA 64.1
SP-L-BamHI Left flanking Fw GCGGATCCCAGAAATATTCCTTGACGCGAA 62.3
SP-L-SphiXbal region Rv TAGCATGCTCTAGATTGTACCGTCCATCGATTTCA 62.6
CaoChr-L-end-F Chromosome Fw CCCTGGAAGTGACTCCGACTCCGCTAACG 66.2
CaoChr-L-end-R left end Rv GCGTTTCGGATCAATAGAGCATAAGCGGCAATCCG  65.7
CaoChr-R-end-F Chromosome Fw ACGGACCGCATCTGCTGGACATGCTC 66.4
CaoChr-R-end-R right end Rv GTTGTCTGTCGACCGCAGCCTGAAGCC 66.6
Tpg-Fw pSCLA tog Fw TCAGTAGGACAGGTCGAGGTAGTCGATGTCC 66.3
Tpg-Rv Rv AGTGAGTAGCCGATGGGCGACATCGA 66.5
SCL4-L-end-F Fw TGCGGCACTTGCCCAGTACAAGACCC 66.7
SCL4-L-end-R pSCL4 left end Rv GGTGGTCTGTCCCACGGCACTTCACAC 66.4
SCL4-L-end-R2 Rv ATTTTATGGCGGAAGGTCGGGGTCATGGGG 66.6
SCL4-R-end-F . Fw GGGGTCCTGGAGGAAGGCGTAGTTCTTGT 66.1
SCL4-R-end-R pSCLarightend TACACGAAGAAGCCCTTCGACGGGGGC 67.3
Chrom-iPCR-L1 Chrom left Fw TTTATCCGATACGGCCTCGCTGAC 60.6
Chrom-iPCR-L2 telomere Rv GCATCACTCTGGAGCGACTTCAAT 59.2
Chrom-iPCR-R1 Chrom right Fw TCATGACACGGCTGGAGAAGCTCGGT 65.3
Chrom-iPCR-R2 telomere Rv GCCGTGGATCAAGACATACGTTGCCATGTT 63.9
pSCL1-iPCR-L1 pSCL1 left Fw TATTCACACTCGGGCATTCTCTGAAAT 58.1
pSCL1-iPCR-L2 telomere Rv AAAATCCGTTCGGGGTCGCTGTATTT 60.8
pSCL1-iPCR-R1 pSCL1 right Fw CCTGTCCAGCCGTTTCAAGGAAGAAA 61.1
pSCL1-iPCR-R2 telomere Rv TGTCCACGGTGAAGTCGTTCTTCTT 60.1
pSCL4-iPCR-L1 pSCL4 left Fw AAGCCTTCGAGGGGGTATACGGACAG 63.4
pSCL4-iPCR-L2 telomere Rv AAAAAGGCTCCGACAGGATTTACCCGGAAA 63.2
pSCL4-iPCR-R1 pSCL4 right Fw TGTCAGCGGGGTCGTACCGGGTAAA 67

pSCL4-iPCR-R2 telomere Rv CCCGACCTTCCGCCATAAAATCGGTTAGGTTA 67.4
pSCL2-iPCR-L1 pSCL2 left Fw TTCGACCTCGCGATCGTGGATGAGG 64.1
pSCL2-iPCR-L2 telomere Rv TGGTACTGAGCCACCCTTCGGATGGAAT 64.5
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pSCL2-iPCR-R1 pSCL2 right Fw TTCCCACTTCATAATTCCTCGCGTCAAGTGGG 64.3
pSCL2-iPCR-R2 telomere Rv GGCATGGTCGTCAGCGTCGAAAAGATCCA 65.3
pSCL3-iPCR-L1 pSCL3 left Fw GCGGAATTGACGGTCATTCCGTCACTCT 63.8
pSCL3-iPCR-L2 telomere Rv TTCCCACCTAGCCAGCCATTCAGTGACCACAA 66.9
pSCL3-iPCR-R1 pSCL3 right Fw GTCGTGCTTCCACTCGCGCTTCT 63.8
pSCL3-iPCR-R2 telomere Rv TCTGTAGACGCTCTGCGAGACAGCGGTAGA 66
FtsZ-Fw ftsZ Fw GTGGCAGCACCGCAGAACTACCTCG 67
FtsZ-Rv Rv TCACTTCAGGAAGTCCGGGACATCCAGTTCC 67
BACTH-p4-Tap-Fw  pSCL4 tap for Fw ACTCTAGATATGTCCCACGGCCAGGATGCCCTTTT 65.7
BACTH-p4-Tap-Rv.  BACTH Rv ATGGATCCTCCTCCCCCTCGTCGAGGACG 64.9
BACTH-p4-Tpg-Fw  pSCL4 tpg for Fw ACTCTAGATATGGGCGACATCGACGACGCG 63.7
BACTH-p4-Tpg-Rv  BACTH Rv ATGGATCCCAGTAGGACAGGTCGAGGTAGTCGATG 65.5
TCCGT

BACTH-p2-Tap-Fw  pSCL2 tap for Fw ACTCTAGATGTGTCCACGGAGAACGAGCTGTT 61.3
BACTH-p2-Tap-Rv  BACTH Rv TTGAATTCCCTTCGCCGTTGTCGGTGCC 61.2
BACTH-p2- Rv TTGAATTCCTATTCGCCGTTGTCGGTGCCGG 64.3
TapEND-Rv

BACTH-p2-Tpg-Fw  pSCL2 tpg for Fw ACTCTAGATATGAGCAGCGAGTTCGGCGG 62.8
BACTH-p2-Tpg-Rv.  BACTH Rv ATGGATCCAACAGCTCGAAGTCGAGGTGGACC 62.7
BACTH-p3-Tap-Fw  pSCL3 tap for Fw ACTCTAGATATGGGGAGCAGCGACCCGG 65.1
BACTH-p3-Tap-Rv  BACTH Rv TTGAATTCCCGGCCACGCGGACGAG 68.9
BACTH-p3- Rv TTGAATTCTCAGGCCACGCGGACGAGC 65.6
TapEND-Rv

BACTH-p3-Tpg-Fw  pSCL3 tpg for Fw ACTCTAGATGTGGGACTGATCGAAGACCGCCT 62.9
BACTH-p3-Tpg-Rv  BACTH Rv TTGAATTCCCGGTGATGCTGAAGCGGATGTG 62.6
BACTH-p3- Rv TTGAATTCTCAGGTGATGCTGAAGCGGATGTGGT 63.9
TpgEND-Rv

M1-junction-F Chromosomal Fw AACGTCGAGGACTGGAAGCCCAAGAA 62.6
M1-junction-R junction M1 Rv CTGTTGCCGTGCGTACGGCTGC 65.7
M2-junction-F Chromosomal Fw ATGAGGAGTTGTTTGCCGATCTCGACGATC 63
M2-junction-R junction M2 Rv AAGATCCTGGCGGACCCTCGTTTCA 63.9
Mc3-junction-F Chromosomal Fw ATTCTTCACCGGCACCGACTACACCA 63.6
Mc3-junction-R junction Mc3 Rv GGGCACGACCTGTTCGTCGAGATCA 63.2

2.5 Bacterial cultivation

S. clavuligerus strains were grown on GYM agar and L3M9 agar for 5-10 days at 26°C. Spores

were harvested from the surface using sterile cotton buds after adding 2 ml of 20% (v/v)

glycerol. Spore suspensions were stored in cryovials at -20°C. Spore stocks were used to

inoculate plates containing SFM, GYM, L3M9 as well as 25 ml of GYM broth and TSB media.

For liquid cultures, spores were pre-germinated at 50°C for 10 minutes.

E. coli strains were grown overnight at 37°C at 200 rpm (revolutions per minute) in LB broth

or in LB agar for solid cultures and supplemented with the respective antibiotic

(concentration indicated in Table 2.2.). 500 ul of overnight culture were used to prepare

glycerol stocks, adding an equal volume of 50% glycerol solution and stored at -80°C.
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2.6 Pulsed-field Gel Electrophoresis (PFGE)

PFGE analyses were performed using the Bio-Rad CHEF-DR® Il Pulsed Field Electrophoresis
System. The programme is based of electrophoresis of DNA embedded in small blocks or
plugs of agarose and using alternating electrodes of different orientation to obtain

separation of DNA molecules of sizes up to 2 Mb.

Table 1.7. List of solutions and buffers used for PFGE and their components.

Solution Components
TE25-Sucrose 25 mM Tris-HCl pH8,
25 mM EDTA pHS,
0.3 M sucrose
NDS 0.5 M EDTA pHS,
10 mM Tris-HCI pHS,
1% SDS, or 1% lauryl sarcosine

Lysozyme solution 2 mg/ml of TE25-Sucrose
Protein K solution 1 mg/ml of NDS
TE Buffer 10 mM Tris-HCI pH8,
1 mM EDTA pH8
10X TBE Buffer 1 M Tris Base
1 M Boric Acid
0.02 M EDTA pH8
0.5X TBE Buffer Diluted from 10X TBE stock

2.6.1 Plug preparation

Agarose plugs containing DNA were prepared following the protocol described by Kieser et
al.(2000). Streptomyces mycelium grown in liquid media was harvested by centrifugation and
washed in 25 ml TE25-Sucrose buffer. After centrifugation, the mycelium was re-suspended
in TE25-Sucrose to give an ODggoof 1.9-2.0. 500 pl of mycelium suspension was added to 500
pl of 1.5% agarose. The sample was mixed and poured using a pipette into plug moulds. Once
settled, the plugs were removed from the mould and incubated with lysozyme solution at
37°C for 30 minutes in case of S. clavuligerus and up to 2 hours for other Streptomyces
species. Then the plugs were treated with proteinase K solution at 50°C overnight. The
digestion was stopped by washing the plugs in 10 ml of TE buffer containing 0.1 mM PMSF
(Phenylmethylsulfonyl fluoride) for one hour. Then the plugs were washed three times in TE

buffer for 1 hour each.

2.6.2 Plug digestion with restriction enzymes
The plugs were placed in 1.5 ml tubes and covered in 1x restriction enzyme buffer. After 15

minutes at room temperature, the liquid was replaced with fresh buffer and 1 ul of bovine
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serum albumin and 50 U of restriction endonuclease Asel, Dral or Aflll was added. The mix
was incubated overnight at 37°C. In case of Asel digestion, a second sample of 10 U of enzyme

was added after 2 hours from the start. The next day, the liquid was replaced with TE buffer.

2.6.3 Loading the gel

100 ml of 1% agarose prepared in 0.5x TBE buffer was melted and cooled down. The plugs
were carefully placed on the wells of the comb and most of the agarose was poured on the
gel casting unit with the comb inserted. Once the gel is settled the comb was removed and

wells were filled with the rest of the 1% agarose.

2.6.4 Electrophoresis and gel imaging

The gels were placed in the electrophoresis chamber with 2.2 | of 0.5x TBE buffer circulating
at 14°C with the pump set at 70%. The electrophoresis conditions were set at 6 V/cm, with
an initial switch time of 70 seconds and a final switch time of 130 seconds. The
electrophoresis was performed for 24 hours. The gel was then stained for 30 minutes in 1
pg/ml ethidium bromide solution and de-stained with dH,0 for an hour. The gel was finally

imaged with a UV trans-illuminator.

2.6.5 Alternative PFGE protocol using a phenol-chloroform pre-treatment

An alternative protocol published by Beyazova and Lechevalier, 1993 and described by Kieser
(Kieser et al., 2000) includes a pre-treatment of the mycelium with phenol and chloroform to
reduce DNase activity. The mycelium is washed twice with 0.5 M EDTA pH8 and the pellets
are dispersed using an autoclaved tissue grinder. The mycelium is then incubated with equal
volume of water-saturated phenol at 65°C for 15 minutes. The cells are then washed three
times with chloroform-isoamyl alcohol at room temperature. The cells in the aqueous phase
are collected and incubated in in 2% SDS-5mM EDTA at 65°C for 30 minutes. The cells are
then washed three times in in 5 MM EDTA pH8 + 1 mg/ml BSA and three more times with 10
mM EDTA pH8. The mycelium is then resuspended in TE buffer and agarose plugs are

prepared and treated following the protocol described previously.

2.6.6 Alternative PFGE protocol using HEPES buffers

An alternative protocol described by Evans & Dyson 1993 was used to obtain gels with less
DNA degradation, that substitutes TRIS for HEPES in buffers. For this the mycelium was
washed in HES buffer (25 mM HEPES-NaOH, 25 mM EDTA, 0.3 M Sucrose pH:8) and digested

in 1 mg/ml lysozyme in HES buffer. After lysis, plugs were washed three times with NDS (1%
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N-laurylsarcosine, 0.5M EDTA, 10mM Glycine, pH:9.5). The plugs were incubated overnight
with NDS containing 1mg/ml Proteinase K and 1mM CaCl,. The next day, the plugs were
washed following the same steps as described in 2.9.1 substituting TE buffer for HE buffer
(10mM HEPES-NaOH, 1mM EDTA, pH:8). For the electrophoresis TBE buffer was substituted
by HEPES buffer (16mM HEPES-NaOH, 16mM Sodium acetate, 0.8mM EDTA, pH:7.5) and the

voltage was reduced to 4 V/cm.

2.6.7 PFGE gel images process and fragment size estimation

PFGE Images were processed and edited using ImagelJ software.

In silico digest of genome sequences of S. coelicolor and S. clavuligerus was performed using

SnapGene.

2.7 Genomic DNA isolation

25 ml of S. clavuligerus cultures grown in GYM broth or TSB at 26°C for around 40 hours at
200 rpm were centrifuged and the pelleted mycelium was re-suspended in 500 pl of lysozyme
buffer (25 mM Tris, 25 mM EDTA, 0.3M sucrose, pH=8) containing lysozyme (2.5 mg per 50
mg mycelium) and RNase A (0.06 mg per 50 mg mycelium). The mixture was then incubated
at 37°C for 60-90 minutes under constant shaking until the sample is clear. 10 pl of 10% (w/v)
SDS was added and samples were incubated at 55°C for 15 minutes and then transferred to
37°C for 30 more minutes. 0.25 mg/50 mycelium of Proteinase K was then used to digest the
samples for 2 — 2.5 hours at 55°C until clear of clumps. 200 ul of KCI (250 mM) was added to
precipitate SDS, followed by 500 ul of phenol:chloroform:isoamyl alcohol (25:24:1). Samples
were vortexed and centrifuged for 5 minutes at 14,000 rpm and the upper phase was transfer
to fresh tubes. The phenol-chloroform extraction was repeated twice, as well as two more
times with 500 pl of pure chloroform. 60 ul of 3M NaAc was added to 500 pl of upper phase,
as well as 300 pl of isopropanol and mixed by inversion. The samples were then centrifuged
for 10 minutes at maximum speed and the pellet was washed with 70% (v/v) ethanol and
centrifuged. The ethanol was discarded, and samples were left to dry before being re-
suspended in distilled H,0. The DNA concentration was measured with a NanoDrop 2000c
Spectrophotometer at 260 nm (Thermo Fischer Scientific). The absorbance ratio 260/280 was

used to quantify the DNA purity, considering a ratio >1.8 as pure DNA.
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2.8 Whole genome sequencing of S. clavuligerus strains and bioinformatics

2.8.1 MiSeq lllumina sequencing of S. clavuligerus DSM 738
The genome of S. clavuligerus DSM 738 was sequenced using the Illumina MiniSeq System.

S. clavuligerus DSM 738 genomic DNA was quantified using the Qubit and 500 ng in 30 ul of
ddH,0 was used to prepare the indexed paired-end library using the lllumina Nextera™ DNA
Flex Library Prep Kit which is based on an on-bead tagmentation process. We followed the
Nextera™ DNA Flex Library Prep manual instructions (October 2018 version) and used 5

cycles of DNA amplification.

The library was then quantified using Qubit and the quality was checked using the Agilent

2100 Bioanalyzer System.

The library was then diluted to 1 nM in 100 pl and denatured following the manual’s

specifications. The library was finally loaded into the lllumina MiniSeq sequencer.

2.8.2 PacBio sequencing and contig assembly of S. clavuligerus DSM 738

The genome of S. clavuligerus DSM 738 was also sequenced using Pacific Biosciences long-
read sequencing (PacBio) in Northumbria University. 9 ug of genomic DNA in 100 ul of ddH,0
was sent to be sequenced, with prior quality check by performing electrophoresis on genomic

DNA on a 1% agarose gel.

The genomic DNA was further size sheared to ~9 Kbp using Covaris g-Tube and visualised
using Agilent Bioanalyzer. Single-stranded DNA was removed by Exonuclease VII treatment
and the double-stranded DNA was blunt ended. The DNA fragments were then ligated to
blunt hairpin SMRTbell adapters and sequencing primers v3 were annealed to the SMRTbell
template. PacBio Polymerase was bound to the SMRT template using the Sequel Binding kit
2.1 and DNA was then sequenced on the PacBio Sequel instrument using 10-hour movie

capture.

High accurate consensus reads were generated using Circular Consensus Sequencing (CCS)

tools and assembled into contigs using HGAP4.
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2.8.3 HiSeq lllumina sequencing of S. clavuligerus strains

The genomes of S. clavuligerus DSM 738 and mutants M1 M2 and Mc3 were sequenced using
the services of MicrobesNG (Birmingham), which uses the lllumina HiSeq sequencing

platform.

14 to 18 ng of genomic DNA in 90 ul dH,0 was sent to MicrobesNG. Briefly, the DNA was
quantified by a Quantit dsDNA HS assay in an Ependorff AF2200 plate reader and DNA
libraries were constructed using the Nextera XT Library Prep Kit (lllumina, San Diego, USA)
using 2 ng of genomic DNA and a PCR elongation time of 1 minute. Both the DNA
quantification and library preparation were carried out with a Hamilton Microlab STAR
automated liquid handling system. Furthermore, the DNA libraries were quantified with the
Illumina Kapa Biosystems Library Quantification Kit on a Roche light cycler 96 gPCR machine.
Sequencing of the libraries was then performed with the lllumina HiSeq using a 250bp paired
end protocol. Following sequencing, reads were trimmed with Trimmomatic 0.30 with a

sliding window quality cut-off of Q15 (Bolger, Lohse and Usadel, 2014).

2.8.4 Bioinformatic analyses of the genome of S. clavuligerus DSM 738

De novo assembly of S. clavuligerus DSM 738 was achieved by combining Illumina and PacBio
data. The lllumina reads and PacBio contigs were assembled using the SPAdes assembler
(Galaxy version 3.12.0+galaxyl) (Bankevich et al., 2012). The PacBio contigs were manually
mapped to the SPAdes contigs and assembled using SnapGene (Figure 2.1). The obtained
closed sequence was polished using Pilon (Galaxy version 1.20.1) (Walker et al., 2014) with
the original lllumina reads. The assembly quality was assessed using Quast (Galaxy version

5.0.2+galaxy0) (Gurevich et al., 2013).
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Figure 2.3. Graphical representation of the assembly pipeline followed to obtain a closed sequence
from lllumina contigs (orange blocks) and PacBio contigs (blue blocks).
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The genome was annotated using the RAST (Rapid annotation using subsystem technology)
server version 2.0 and annotations sybsystems were identified using The SEED Viewer version
2.0. Furthermore, secondary metabolite clusters were predicted by antiSMASH version 5.1.0

(Blin et al., 2019).

Mapping of lllumina reads against assemblies was performed with BWA (Burrows-Wheeler
Aligner) version 0.6.1-r104 using the bwasw algorithm with default options. The alighments
were then converted to BAM format, sorted and indexed using SAMtools version 0.1.18. This

was achieved using the following commands described by Gomez-Escribano et al. 2015:

bwa index assembly.fasta

bwa bwasw assembly.fasta illumina_reads_pairl.fastq illumina_reads_pair2.fastq >

alignment.sam
samtools view -b -S -0 alignment.bam alignment.sam
samtools sort alignment.bam alignment-sort
samtools index alignment-sort.bam

For further coverage assessment, BAM files were converted into BIGWIG using bamCoverage
(Galaxy version 3.3.0.0.0) (Ramirez et al., 2016), and visualised using Integrated Genome
Browser (IGB) version 9.1.2 (Freese et al., 2016). Mean coverage data was obtained using

Qualimap version 2.2.1 (Okonechnikov et al., 2016).

Genome alignments were performed using Mauve version 20150226 (Darling et al., 2004)
and Easyfig version 2.2.2 (Sullivan et al., 2011). Ortholog gene clusters were identified using
OrthoVenn2 web server (Xu et al., 2019). Genomic maps were obtained with CGView Server

(Grant and Stothard, 2008), including Prokka annotations and GC skew.

A core genome BLAST database was created with amino acid sequences, and protein BLAST
searches were performed using the following command lines on the SIPBS microbiology Linux

server:

makeblastdb -in Core_genome.fsa -parse_seqids -blastdb_version 4 -title

“Core_Genome” -dbtype prot

blastp -db Core_genome.fsa -query Query.fsa -evalue 1e-200 -out Blast_results.txt
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2.9 Purification and sequencing of telomeric sequences
The purification of the telomeric sequences was performed following an adaptation of the

protocol described by Fan et al., 2012.

1to 5 ug of genomic DNA of S. clavuligerus DSM 738 was digested overnight with the blunt-
end restriction enzymes: EcoRV, Smal or Zral. The products were then purified using the
Promega PCR-Clean Up kit and eluted in a final volume of 90 pul with dH,0. 10 ul of 1 M NaOH
was added and the mixture was incubated for 1 hour at 37°C. The samples were neutralised
using 2 M HCl, and 1 M Tris pH8 was added to a final concentration of 0.1 M. 20X SSC solution
was then added to final concentration of 2X and the samples were incubated at 68°C for 1
hour. The samples were purified once again with the Promega PCR-Clean Up kit and ligated
overnight using Promega T4 DNA ligase. Inverted PCR analyses were performed on the
ligation products and the amplified products were purified and sequenced by Eurofins

Genomics.

The obtained telomeric sequences were added to the assembled genome sequences using
SnapGene. Furthermore, alignments (MUSCLE algorithm) and maximum likelihood
phylogenetic trees of telomeric sequences were performed using MEGA version 7.0.18
(Kumar, Stecher and Tamura, 2016) and Jalview version 2.10.5 (Waterhouse et al., 2009).
Phylogenetic trees were constructed using 1000 bootstraps and further edited using iTOL

web server 5.5 (Letunic and Bork, 2019).

The folded forms of the telomeres were obtained using mfold web server (Zuker, 2003) with

a folding temperature of 30°C.

2.10 Bioinformatic analysis of terminal protein sequences

The amino acid sequences of Tap and Tpg from different Streptomyces strains were pulled

from genomes obtained from NCBI (https://www.ncbi.nlm.nih.gov/genbank/wgs/). Amino

acid sequence alignments (ClustalO algorithm) and maximum likelihood phylogenetic trees
were performed with MEGA version 10.1.7 (Kumar et al., 2018) for Tap and Tpg proteins
using 1000 bootstraps.
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2.11 Southern blotting

The protocol followed is based on vacuum-based transference of digested DNA to a nylon
membrane using the buffers described by Sambrook et al., 1989 (Table 2.6). The probe was
labelled with digoxigenin (DIG) using the DIG DNA Labelling and Detection Kit (Roche Life
Science) which is based on the random priming of hexanucleotides dATP, dCTP, dGTP and
DIG-labelled dUTP by Klenow Enzyme. Detection was achieved with a chromogenic substrate

as described by Roche Life Science.

2.11.1 Probe labelling

The probe was prepared using 15 pl containing 2 pg of amplified gene/region of interest. The
amplicons were boiled at 95°C for 10 minutes and then cooled down in ice for 10 more
minutes. 2 pl of DIG DNA labelling mix, 2 pl of Hexanucleotide mix 10x and 1 pl of Klenow
enzyme were added and the mix was incubated at 37°C overnight. The reaction was stopped
by adding 2 pul of 0.2 M EDTA (pH 8.0) and stored at -20°C.

Table 2.6. List of solutions and buffers used for Southern Blotting. SSC: Saline-sodium citrate; SDS:

Sodium dodecyl sulphate; NBT: Nitro blue tetrazolium chloride; BCIP: 5-Bromo-4-chloro-3-indolyl
phosphate.

Application

Solution

Constituent

For DNA transfer

Depurination solution
Denaturation solution
Neutralisation solution
20x SSC

2x SSC

19ml 13 M HClin 1 L dH20

87 g NaCl, 20 g NaOH in 1 L dH20

77.8 ammonium acetate in 1 L dH20

175.3 g NaCl, 88.2 g Sodium citrate in 1 L dH20
20x SSC diluted 10 x in dH20

For Pre-hybridisation
and hybridisation

Maleic acid buffer
10% Blocking solution
Standard Hybridisation
Buffer (SHB)

22.2 g Maleic acid, 17.6 g NaCl in 1 L dH20

5 g blocking reagent in 50 ml maleic acid buffer
5x SSC, 0.1% N-laurylsarcosine (w/v), 0.02% SDS
(w/v), 1% Blocking solution (v/v)

Stringency washes

Stringency Buffer A
Stringency Buffer B

2 xSSC, 0.1% SDS
0.2 x SSC, 0.1% SDS

For detection

Detection buffer
Washing buffer
Antibody solution

12.1 g Tris-HCI, 5.85 g NaCl in 1 L dH20
0.3% (w/v) Tween-20 in Maleic acid buffer
Anti-DIG-AP diluted 1:5000 in 1% Blocking
solution

Colour-substrate solution 200 ul of NBT/BCIP, 10 ml Detection buffer

2.11.2 DNA digestion and electrophoresis
2.5 ug of genomic DNA of S. clavuligerus was digested with 50 units of restriction enzyme

overnight at 37°C. The products were loaded on a 0.7% agarose gel and electrophoresis was
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performed for 2 to 3 hours at 70 volts. Lambda DNA digested with Hindlll was used as size

marker.

2.11.3 DNA transfer to nylon membrane

3 sheets of Whatman paper soaked in 2x SSC buffer were placed on the base of the vacuum
apparatus. The Hybond N+ nylon membrane (GE Healthcare) was then placed on top,
followed by the plastic sheet which was prepared by cutting a transfer window smaller than
the size of the membrane. The transfer tray was then clipped into the base of the apparatus
and the gel was placed on top of the plastic sheet, centred with the membrane. 50 ml of
Depurination Buffer was added onto the gel, and vacuum pressure of 50 mbar was applied
for 20 minutes. This process was then repeated with 50 ml of Denaturation Buffer, and 50 ml
of Neutralisation Buffer. The transfer was finalised by adding 50 ml of 20x SSC Buffer and
applying vacuum for 1 hour or 4 hours in case of PFGE gels. The apparatus was then
disassembled and the membrane was exposed to UV for 2 minutes in a UV Crosslinker (UVP).

The membrane was washed in 2x SSC for 2 minutes.

2.11.4 Probe hybridisation

The membrane was wrapped in mesh and introduced in a Hybridization Tube. 20 ml
preheated SHB was added and the tube was incubated at 65°C for 1 hour in a rotating
Hybridization Oven (UVP). The probe was then denatured at 100°C for 15 minutes, and then
chilled in ice for 10 more minutes. The SHB was decanted and substituted by 20 ml of fresh
SHB containing the denatured probed. The membrane was then left overnight rotating at

65°C to hybridise.

2.11.5 Stringency washes
The membrane was incubated twice with 150 ml of Stringency Buffer A at 65°C for 15

minutes. The same procedure was carried out with 150 ml of Stringency Buffer B.

2.11.6 Detection

The membrane was rinsed with Washing Buffer for 30 seconds and washed for 30 minutes
in 100 ml Blocking Solution with gentle shaking. The Blocking Solutions was poured off and
replace with 30 ml of Antibody Solution and the membrane was incubated for 30 minutes
with gentle shaking. The membrane was then washed twice with 100 ml of Washing Buffer
for 15 minutes each and then equilibrated for 2 minutes in 20 ml Detection buffer. 10 ml of

freshly prepared Colour Substrate Solution was added to the membrane and sealed in a
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plastic bag. The membrane was left in the dark until colour developed and the reaction was

stopped by rinsing thoroughly with water.

2.12 Molecular biology and cloning

Plasmids were constructed following the method of restriction cloning including PCR
amplification of target genes, ligation to cloning and shuttle vectors, transformation of
competent cells. S. clavuligerus mutants were constructed using intergenic conjugation of

plasmids from E. coli to S. clavuligerus.

2.12.1 DNA amplification

Polymerase Chain Reaction (PCR) was used to amplify genetic material from genomic DNA
sample of S. clavuligerus DSM 738. Either the Bioline Standard My Taq, NEB GoTaq or the
Promega Q5 High-Fidelity Polymerase protocol was followed using the primers listed on
Table 2.5 with the addition of 2% of Dimethyl sulfoxide solution (DMSOQ). The Veriti™ Thermal
Cycler of Thermo Fisher Scientific was used following 30 to 35 cycles of denaturation at 95°C
for 45 seconds, primer annealing at the respective Tm (Table 2.5) for 30 seconds, and

extension at 72°C for 1-2 minutes (30 seconds per 1 kb of DNA to amplify).

E. coli colony PCR analyses were performed by adding a bacterial colony instead of DNA
template into the PCR mix and incubating the samples at 95°C for 10 minutes before the PCR

cycles.

Streptomyces colony PCR were performed by suspending mycelium from an overnight
culture in 50% DMSO solution and incubating at 50 °C for 30 min. 5 pl of the mycelium was

added to the PCR mix.

2.12.2 Purification of DNA amplicons and plasmids

PCR amplicons were purified using QIAGEN QIAquick®, Bioline PCR Purification and Promega
Wizard® SV Gel and PCR Clean-Up System kits which follow the spin column-based DNA
isolation method. Plasmids were purified using QIAGEN QlAprep Spin Miniprep Kit and
Wizard® Plus SV Minipreps DNA Purification System from a 5 ml overnight culture containing
LB and the selective antibiotic. Purified DNA was eluted in 50 pl dH,0 and the concentration

was measured with a NanoDrop 2000c Spectrophotometer at 260 nm (Thermo Fischer
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Scientific). The absorbance ratio 260/280 was used to quantify the DNA purity, considering a

ration >1.8 as pure DNA.

2.12.3 Agarose gel electrophoresis

Bioline 5x DNA Loading Buffer Blue was added to the DNA samples and loaded on a 1%
agarose gel in TAE buffer (40 mM Tris Base, 20 mM glacial acetic acid, 1 mM EDTA).
Electrophoresis was performed at 90-110 V for 45-60 minutes in TAE buffer. The gel was
stained in 30% (v/v) GelRed™ Nucleic Acid Gel Stain 0.1 M NaCl solution for 30 minutes and
bands were imaged using Azure c200 Gel Imaging Workstation (Azure Biosystems).
Otherwise, 1-5 pul of 10 mg/ml Ethidium Bromide solution was added to the agarose and the
gel was imaged using the VWR GenoSmart UV Transilluminator. Gel bands were usually
excised with a scalpel and DNA was purified using the Promega Wizard® SV Gel and PCR

Clean-Up System

2.12.4 Ligation
Purified DNA genes were ligated to cloning or shuttle vectors overnight at 4°C with 3 units of
T4 DNA Ligase (Promega) and T4 DNA Ligase Rapid Ligation Buffer. The amount of insert and

vector DNA followed a ratio of 1:5 (vector:insert).

2.12.5 Transformation of E. coli competent cells

E. coli cells were transformed by adding 3-10 ul of ligation products to 50 pl of JM109 Ready-
to-use Competent Cells (Promega). The mix was incubated in ice for 20 minutes and then
heat-shocked 45 seconds at 42°C, followed by a 1-hour incubation (3 hours in the case of E.
coli ET12567/pUZ8002) at 37°C with 750 ul of LB broth. The cells were then plated on LB agar
containing the selective antibiotic and incubated at 37°C overnight. In the case of vectors
containing lacZ gene at cloning site, such as pGEM-T Easy and pBGS19, transformation plates
also contained 100 uM lIsopropy! B-D-1-thiogalactopyranoside (IPTG) and 40 pg/ml X-Gal for

subsequent blue-white screening of colonies.

2.12.6 Restriction digestion

Digestion with restriction enzymes was carried out following the instructions described by
Promega or NEB. In general, 10 units of restriction enzymes were used to digest 500 ng of
DNA, with the addition of 10% Restriction Enzyme 10X Buffer and 1% of Acetylated Bovine
serum albumin (BSA) 10ug/ul. The digestion was performed at 37°C for 4 hours or overnight.

Negative controls were prepared with the same components, except for the restriction
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enzyme. Following digestion, vectors were often dephosphorylated at the 5’ by adding 1 unit

of Shrimp Alkaline Phosphatase and incubating for further 30 minutes at 37°C.

2.12.7 Preparation and transformation of chemical competent cells

In the case of E. coli ET12567/pUZ8002 and E. coli BTH101, chemical competent cells were
prepared manually. A single colony of E. coli was inoculated in 5 ml of LB broth containing
the selection antibiotic and incubated overnight at 37°C at 200 rpm. 1 ml of culture was then
inoculated in 100 ml of LB Broth and grown until reaching an Optical Density at a wavelength
of 600 nm (ODggo) value of 0.5. The cells were collected by centrifugation for 10 minutes at
4000 rpm and gently re-suspended in 1 ml of cold 0.1 M CaCl,. The suspension was kept in
ice for 20 minutes and centrifuged for 10 minutes at 4000 rpm. The supernatant was
discarded, and the cells were re-suspended in 1 ml of 0.1 M CaCl,. Samples were frozen using

liquid nitrogen and kept at -80°C.

2.12.8 Intergenic conjugation from E. coli to S. clavuligerus

E. coli ET12567/pUZ8002 containing the complementation vectors were conjugated with S.
clavuligerus DSM 738 following the protocol described by Kieser et al. 2000. The ET strains
were grown in LB broth in the presence of kanamycin, chloramphenicol and the respective
antibiotic for plasmid selection overnight at 37°C. The culture was diluted 1:50 in fresh LB
plus antibiotics to an ODggo of around 0.5 and washed twice with and equal volume of fresh
LB for finally being suspended in 0.1 volume of LB broth. 500 pl of 2x YT broth were added to
200 pl of S. clavuligerus spores and heat-shocked at 50°C for 10 minutes. 500 pl of ET cells
were added to the heat-shocked spores and the mixture was plated on SFM, GYM or L3M9
agar containing 10 mM MgCl, and incubated at 26°C for 16 hours. The plates were then
overlaid with 1 ml of dH,O containing 0.5 mg nalidixic acid and 1 mg of the selective
antibiotic. Incubation was continued at 26°C for 4 more days. Transconjugants were streaked

on GYM or L3M9 agar and spore stocks were prepared.

2.12.9 In silico cloning

Plasmids were constructed in silico with SnapGene Software using restriction cloning.

2.13 Bacterial Two-Hybrids experiments

The BACTH system is based on reconstitution of the adenylate cyclase activity mediated by

protein-protein interactions in E. coli (Karimova et al., 1998).
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The tap and tpg genes from pSCL4, pSCL3 and pSCL2 were cloned into the pKT25, pKNT25,
pUT18 and pUT18C vectors following the methodology described on Section 2.12. Forward
primers were designed in order to maintain the genes in frame with the AC subunits (in pKT25
and pUT18C vectors) or the AC promoter (pKNT25 and pUT18). Reverse primers were
designed disrupting the tap/tpg stop codon, so only the AC subunit stop codon would be
expressed, unless this latter one was eliminated by the cloning. Sets of T25 and T18 plasmids
were co-transformed into chemically competent E. coli BTH101 cells, and grown at 30°C for

1 to 2 days in LB containing Kan, Carb and X-Gal (40 ug/ml).

2.14 Microscopy

2.14.1 Schwedock Staining of samples

The Schwedock Staining method is based on staining streptomycetes mycelium grown on a
coverslip with fluorescein isothiocyanate-wheat germ agglutinin (FITC-WGA), which stains

peptidoglycan, and propidium iodide (Pl), which stains nucleic acids (Schwedock et al., 1997).

Square glass coverslips (Type 1.5, 22 mm x 22 mm) were sterilised by being soaked in ethanol
and flamed, and were then inserted into L3M9 agar, leaving an acute angle between the
coverslip and the agar. Streptomycete spores or liquid cultures were inoculated at low
density at the interface between the agar and the coverslip and grown in the incubator at

26°C.

The coverslips containing the mycelium were pulled from the agar and treated with 500 pl
fixative solution (2.8% paraformaldehyde, 0.0045% glutaraldehyde in PBS, phosphate-
buffered saline) at room temperature for 15 minutes. They were then washed twice with PBS
and left to air dry thoroughly. The coverslips were then rehydrated with PBS for 5 minutes
and treated with GTE (50 mM glucose, 20 mM Tris-HCI, pH 8, 10 mM EDTA) for 1 minute at
room temperature. They were then washed with PBS and incubated with PBS containing 2%
of BSA (bovine serum albumin) for 5 minutes. The coverslips were then incubated with 500
ul of staining solution (2 pug/ml FITC-WGA, 10 ug/ml PI, 2% BSA in PBS) for 3 hours at room
temperature in the dark. They were then washed eight times with a second staining solution
containing 10 pg/ml Pl in PBS. The coverslips were left to air dry and mounted onto the slides
using 10 pl of 40% glycerol solution. The coverslips were sealed using nail varnish and stored

at -20°C before being thawed prior to imaging.
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Slides of liquid S. clavuligerus cultures were prepared by adding 50 ul of culture onto
coverslips and they were then left at room temperature until fully dry. Fixation and staining

were then performed following the same procedure as used for solid cultures.
2.14.2 Imaging stained samples

The slides were visualised using a TE-2000 inverted widefield epi-fluorescence microscope
with a x100/1.30 numerical aperture oil immersion objective lens (Nikon, Japan). Phase
contrast and fluorescence images were acquired using a Hamamatsu ORCA-100 CCD camera.
Illumination was sourced from a mercury arc lamp which was coupled into the read epi-port
of the microscope. A source blocking filter was used for fluorescence imaging. FITC signal
(Aexcitation=490 nM, Aemission=512 nm) was detected using a FITC emission filter (Nikon, Japan)
and Pl signal (Aexcitation=560 NM, Aemission=617nm) was detected using a 600 nm long-pass

emission filter (Nikon, Japan).
2.14.3 Processing and analysis of microscopy images

The images were processed using FlJI (Schindelin et al., 2012), using a custom macro script
(in Appendix) to separate composite images, scale them, automated scale contrast, and
merge fluorescence and phase contrast channels into one image for further downstream

analyses.

Branch length and inter-branch distance measurements were taken using the Simple Neurite
Tracer plugin for FlJI and the hyphae width was also measured using FlJI straight line
selection. Violin plots were created using PlotsOfData web server (Postma and Goedhart,
2019). One-way ANOVA followed by Tukey’s multiple comparison test were performed using

GraphPad Prism (version 8.3.1).

2.15 Growth curves

S. clavuligerus strains were grown in TSB media shaking for 30 hours at 26°C. ODego
measurements were taken and the strains were standardised to an ODeggo of 0.4. 150 ulL of
culture was added to 1.5 ml of TSB in a 24-well plate in triplicates. The plate was incubated
in the Spectramax 190 plate reader at 26°C with fast continuous shaking and ODgpo Was

measured every 30 minutes for 70 hours.
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The Specific Growth Rate (u) was calculated by plotting the In(ODego) over time exclusively at
log phase (when cells double in a certain period of time), which yields a linear correlation

where the slopes equals L.

Data was plotted using GraphPad Prism (version 6.00 for Mac, GraphPad Software, La Jolla
California USA), and statistics were analysed by performing One-way ANOVA followed by

Tukey’s multiple comparison test.

2.16 Clavulanic acid production assay

For liquid culture fermentations, S. clavuligerus strains were grown in TSB media shaking for
30 hours at 26°C. ODggo measurements were taken and the strains were subcultured into 25
ml of CM5 media for a final ODgo of 0.1. The flasks were incubated in a 26°C shaking incubator
for 72 hours. The cultures were then centrifuged, and the aqueous supernatant was used for

the clavulanic acid assay.

For solid media fermentations, S. clavuligerus strains were grown on CM5 agar for 21 days at
26°C. Plugs of cultured agar were carved using a cork borer and placed into 7 ml Bijou tubes.
2 ml of dH,0 per g of agar was added and the tubes were incubated for 24 hours at 4°C. The

aqueous extract was then used for the clavulanic acid assay.

8 ul of sample or standard was added to 200 pl of imidazole reagent (10% Imidazole pH7) in
a 96-well plate in triplicates. The plate was then incubated at room temperature for 30
minutes and the absorbance was measured at 324 nm using a Spectramax 190 plate reader.
The standards were prepared by dissolving lithium clavulanate in MilliQ water and diluting

to the following concentrations: 400, 350, 300, 250, 200 and 100 pg/ml.

Data was plotted using GraphPad Prism and One-way ANOVA followed by Tukey’s multiple

comparison test was performed for statistical analysis.

2.17 Bioactivity plug assay

Square plates were prepared by adding 25 ml nutrient agar. 10 ml of soft nutrient agar
containing ODgoo 0.1 E. coli IM109 or E. coli IM109::pUC19 was added on top of the nutrient
agar. In the case of pUC19 plates, the agar was complemented with carbenicillin. S.

clavuligerus strains were grown on CM5 agar for 21 days at 26°C. Plugs of cultured agar were
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carved using a cork borer and placed over the E. coli lawn. Uncultured CM5 agar and
clavulanic acid standards (as described as in clavulanic acid assay section) were used as

controls. Plates were incubated at 37°C overnight and photos were taken.
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3. OPTIMISATION OF PULSED-FIELD GEL ELECTROPHORESIS METHOD FOR

THE STUDY OF THE GENOMIC ARCHITECTURE OF S. CLAVULIGERUS

Gel electrophoresis is a method used to separate charged macromolecules such as DNA, RNA
and proteins based on their size. For this, an electric field is applied that forces the molecules
to move through a matrix or gel of specific porosity allowing smaller molecules to migrate
further while larger molecules stay behind. Although nowadays this method is mostly utilised
for analytical purposes, such as detection of PCR amplification products, gel electrophoresis
has played an important role in characterisation of bacterial genomes, allowing visualisation
of chromosomal and extrachromosomal elements, as well as being a key step in chain-
termination sequencing (Sanger and Coulson, 1975). With this work we proposed to use a
type of gel electrophoresis called pulsed-field gel electrophoresis (PFGE) for the study of the

S. clavuligerus genome.

While conventional electrophoresis techniques fail to separate DNA fragments larger than
50 kb, PFGE allows separation of DNA molecules between a few kb to over 10 Mb. This
technique is based on the concept that large molecules can be separated using alternating
electric fields, which was first described by Schwartz and Cantor, 1984. More specifically,
during PFGE, DNA is subjected to alternating electrical fields at different angles for a given
period of time or pulse. This being so, with each change in the voltage angle, DNA molecules
rearrange their orientation before migration, with the reorientation time being
proportionate to the molecule size. In this way, large molecules take longer to rearrange and

have less time to move during each pulse than smaller molecules (Cantor et al., 1988).

For this project, PFGE was performed using a Contour-Clamped Homogeneous Electric Fields
(CHEF) instrument, which has 24 electrodes located on an hexagonal contour that generate
uniform electric fields in alternating positions with a reorientation angle of 120° as indicated

on Figure 3.1 (Levene, 1992).

The ability to separate large DNA molecules is of great importance as it makes possible the
acquisition of physical evidence of genomic elements with the visualisation of entire or
fractionated chromosomes, as well as plasmids. This is particularly relevant in Streptomyces
as many strains carry giant linear plasmids (GLP) that carry important functions necessary for

expression and regulation of specialised metabolites.
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Figure 3.1. Schematic representation of the alternating orientations of the electric field during PFGE
using a Contour-Clamped Homogeneous Electric Fields (CHEF) instrument. The red arrows indicate
the orientation of the voltage, and the —and + indicate the position and charge of the electrodes.

Since its introduction, PFGE has been used for the characterisation of the genomes of
Streptomyces strains. For example, PFGE allowed the construction of physical maps for the
genome of Streptomyces coelicolor, which complemented the genetic maps, and allowed
comparison to similar species (Kieser et al., 1992; Leblond et al., 1993). In addition, PFGE
analyses made possible identification of giant linear plasmids in many species, such as
Streptomyces venezuelae, Streptomyces rochei, Streptomyces violaceoruber, Streptomyces
fradiae, Streptomyces parvulus, Streptomyces lasaliensis and Streptomyces ambofaciens
(Kinashi and Shimaji, 1987; Leblond et al., 1990). Furthermore, the presence of terminal
proteins attached to the chromosome’s ends of Streptomyces lividans and Streptomyces
griseus was confirmed by PFGE analyses when comparing samples treated with and without

proteinases (Lin et al., 1993; Lezhava et al., 1995).

In the case of S. clavuligerus, the first evidence of PFGE analyses published was an article
focused on identification of giant linear plasmids in B-lactam antibiotic producing
streptomycetes. In this article they identified two linear plasmids with sizes 120 and 430 kb
in S. clavuligerus NRRL 3585, corresponding to pSCL2 and pSCL3 respectively (Netolitzky et
al., 1995). These two plasmids were again visualised using PFGE, as well as genomic DNA
fragmented with Asel that showed five fragments of sizes 400 to 100 kb in an article studying
the telomeres of Streptomyces chromosomes (Huang et al., 1998). Another study used this
technique to separate chromosomal DNA from plasmids DNA in S. clavuligerus ATCC 27064
in order to identify genes responsible for the regulation of clavulanic acid production (Song
et al., 2009). Despite these efforts, DNA molecules larger than 400 kb, such as he
megaplasmid pSCL4, have never been visualised in S. clavuligerus strains. This has delayed
the construction of a physical map of the whole genome of this bacterium and, as a result,

the characterisation of its genomic architecture in relation to its genome sequence.
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The aim of this chapter is to obtain a PFGE method optimised for S. clavuligerus, in order to

obtain physical evidence for establishing the genome architecture of this organism.

3.1 Establishment of a PFGE protocol for S. clavuligerus.

A PFGE analysis was first performed on the widely studied model organism S. coelicolor M145
(Table 2.3 in Chapter 2) following the protocol described by Kieser et al., 2000 in order to
become familiarised with the procedure. As the genome of this strain is solely composed of
a chromosome of 8 Mb, which is too large to be seen by PFGE, the samples were digested
with the restriction enzyme Asel (AT'TAAT) that cuts infrequently in the GC rich DNA of
streptomycetes. PFGE of Asel digested samples showed 10 bands of around 1500, 1300, 960,
900, 780, 600, 450, 360, 280, 200 kb (Figure 3.2.A). In order to compare the PFGE bands, a
table of the expected fragment sizes was constructed using the sequences of S. coelicolor
(published by Hsiao and Kirby, 2008) digested in silico with Asel (Table 3.1). The PFGE band
sizes correlate with the expected fragment sizes and the undigested sample did not present
any band inferring the chromosome did not migrate, as was expected. These results

demonstrate that the PFGE protocol was operating successfully for S. coelicolor.

The same protocol was performed on the S. clavuligerus type strain DSM 738 and the
industrial strain Scé (Table 2.3 in Chapter 2), except for the lysozyme treatment which was
reduced from 2 hours to 5 minutes as suggested for S. clavuligerus by Kieser et al., 2000.
Undigested samples were loaded on the gel, as well as samples digested with Asel, Dral
(TTT’AAA) and Aflll (C'TTAAG) enzymes. The PFGE performed on undigested S. clavuligerus
738 showed two bands at around 365 and 150 kb which could represent the plasmids pSCL3
and pSCL2 respectively. The digested samples of 738 with Asel and Dral showed the same
bands as the uncut samples which suggest a failed restriction digestion, while the sample
treated with Aflll shows additional bands at around 600 kb and 200-150 kb, however the
expected larger bands are missing (Figure 3.2.B). In the case of Sc6, the uncut sample showed
the same bands as the type strain and the samples treated with Asel and Dral showed a
different band pattern while Aflll digest showed no bands at all (Figure 3.2.C). Estimated
fragment sizes were obtained using sequences of S. clavuligerus published previously as
reference (Table 3.1) (Cao et al., 2016; Medema et al., 2010; Song et al., 2010). In the case
of the Asel digest, the gel showed 3 bands, the two bigger bands could represent the 235 and
227 kb fragments of digested pSCL3. The Dral digest showed the same bands as the uncut

sample which contributes to the fact that those bands represent pSCL3 and pSCL2 as neither
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Figure 3.2. PFGE of the strains S. coelicolor, S. clavuligerus DSM 738 and Sc6, performed at 6 V/cm for
24 hours. Saccharomyces cerevisiae YNN295 was used as DNA size standard (Bio-Rad). A: PFGE of S.
coelicolor digested with Asel and undigested. B: PFGE of S. clavuligerus DSM 738 undigested, and
digested with Asel, Dral and Aflll. C: PFGE of Sc6 strain undigested, and digested with Asel, Dral and
Aflll. Asterisks indicate pSCL3 band (red) and pSCL2 band (green).

Table 3.1. List of expected band sizes (kb) of the S. coelicolor M145 and S. clavuligerus genomes
when digested with Asel (AT'TAAT), Dral (TTT’AAA) and Aflll (C'TTAAG) nucleases. Chromosomal
fragments are indicated in black, while pSCL4 fragments are indicated in blue and pSCL3 in red.

S. coelicolor

S. clavuligerus

Asel digests (kb)

Asel digests (kb)

Dral digests (kb)

Aflll digests (kb)

1,500
1,300
960
900
820
610
480
380
290
200
190
140
110
45

16

11

1,898
1,612
929
684
442
406
355
339
328
275
250
234
233
227
211
187

2,707
1,067
1,033
805
598
594
526
506
444
279
238
200
115

1,337
833
831
637
441
334
300
293
284
255
242
241
228
225
200
194
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of these are cut by this enzyme. The two other bands of around 250 and 200 kb could belong

to the chromosome or pSCL4, but the expected larger fragments are still missing.

Overall, these results suggest that while this particular protocol worked well for S. coelicolor,
it does not allow migration of bands larger than 500 kb in S. clavuligerus; a fact that impedes
the visualisation of large chromosomal fragments and pSCL4. In addition, S. clavuligerus
samples on PFGE show a large amount of smearing which could be due to the action of
nucleases in the samples and makes evident the need for optimisation of the sample

preparation protocol for S. clavuligerus.

3.2 Lysis Time is not a significant factor for PFGE of S. clavuligerus.

One of the explanations considered to be responsible for the lack of visualisation of large
bands by PFGE was that DNA release was hindered due to a poor cell lysis. For this reason, in
order to study the optimum lysozyme treatment time, samples from S. clavuligerus DSM 738
were treated with lysozyme over 13 different times from 5 minutes, the time recommended
for S. clavuligerus (Kieser et al., 2000), until 2 hours, which is the time recommended for most
Streptomyces species, and with a 10 minute difference in between each time point.

Moreover, all samples were digested with Asel.

PFGE results indicate that all the treatment time point samples showed the same band
pattern: 5 clear bands in between 400 and 150 kb (Figure 3.3). No significant difference was
seen in between the samples, with the exception of samples treated for 5 and 10 minutes
that showed slightly weaker bands, for this reason it was preferred to use a 30-minute

lysozyme treatment for the following PFGE analyses.

In addition, all the samples still showed a great deal of smearing and no large bands were
found; bands that were expected after Asel digestion. All these results suggest that the lysis
time is not a significant factor for the performance of PFGE on S. clavuligerus and further

conditions should be studied.
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Figure 3.3. PFGE of S. clavuligerus DSM 738 treated with lysozyme in between 120 and 5 minutes and

digested with Asel restriction enzyme. Electrophoresis was performed at 6 V/cm for 24 hours. S.
cerevisiae YNN295 was used as DNA size standard (Bio-Rad).

49



3.3 Phenol-chloroform pre-treatment of cells does not reduce DNA

degradation on S. clavuligerus samples.

In order to decrease the amount of smearing on the PFGE samples, a protocol published by
Beyazova and Lechevalier in 1993 and described by Kieser (Kieser et al., 2000) was performed
on S. clavuligerus strains DSM 738, DSM 41826, Sc2 and Sc6. This protocol includes a cell pre-
treatment using phenol and chloroform prior to the agarose embedment to help inhibit
nuclease activity. In addition, the samples were digested with Asel or Dral restriction

enzymes.

The PFGE results exhibited the same two bands at around 400 and 150 kb viewed in Figure
3.2 on the undigested 41826, Sc2 and Sc6 samples, that correspond to pSCL3 and pSCL2,
although no bands corresponding to pSCL4 (around 1.8 Mb) were seen (Figure 3.4). The
samples digested with Asel presented a few bands in between 500 and 200 kb but no clear
bands were identified on the Dral samples. These results confirm that either the phenol-
chloroform treatment is not effective at inhibiting nucleases in S. clavuligerus or the smearing

is due to other reasons.

3.4 Substitution of Tris by HEPES in buffers composition significantly increases

the quality of PFGE analyses on S. clavuligerus.

An article published in 1993 showed how Tris-containing buffers induce DNA cleavage and
therefore cause smearing of PFGE analyses of S. lividans. The authors also showed that this
DNA degradation was significantly decreased when using HEPES instead of Tris in the
electrophoresis running buffer (Evans and Dyson, 1993). In order to confirm if the smearing
on our analyses was due to Tris-dependent DNA degradation, PFGE was perform using this
alternative protocol on undigested samples of S. clavuligerus strains DSM 738, DSM 41826,
Sc2 and Sc6. The voltage was reduced to 3 V/cm to keep the current below 200 mA as HEPES

buffer has an increased ionic strength, and the running time increased to 48 hours.

The PFGE showed bands for 41826 Sc2 and Sc6 at around 1,800, 450 and 150 kb, sizes that
corresponded to the predicted size of the replicons pSCL4, pSCL3 and pSCL2 respectively. This
was the first time that we could visualise large band sizes (1,800 kb) (Figure 3.5). In addition,
DNA degradation was significantly decreased, which suggest that indeed S. clavuligerus is
susceptible to Tris buffers during PFGE. For this reason, the subsequent gels were performed

using exclusively HEPES-based buffers.
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Figure 3.4. PFGE of S. clavuligerus samples DSM 738, DSM 41826, Sc2 and Sc6 pre-treated with phenol and
chloroform. Samples were either loaded undigested (left part), digested with Asel (middle part) or digested
with Dral (right part). Electrophoresis was performed at 6V/cm for 24 hours. Saccharomyces cerevisiae YNN295
was used as DNA size standard (Bio-Rad).
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Figure 3.5. PFGE of undigested samples of S. clavuligerus strains DSM 738, DSM 41826,
Sc2 and Sc6. Electrophoresis performed using HEPES buffer at 3 V/cm for 48 hours.
Saccharomyces cerevisiae YNN295 was used as DNA size standard (Bio-Rad).
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3.5. Higher amounts of mycelium give stronger signal bands on PFGE analyses

but less specificity for Southern blotting.

In order to establish the optimum concentration of mycelium to be loaded into the agarose
plugs, a PFGE analysis was performed on 6 samples of S. clavuligerus DSM 738 with different
concentrations of mycelium in HE buffer. The samples were designated C1 to C6, each one
being the 1:2 dilution of the previous one when C1 is the most concentrated and C6 is the
least concentrated. In addition, the optical density at 600 nm (ODeoo) Was read for each of
the samples measuring 2.2 for C3, 1.8 for C4, 1.2 for C5 and 0.6 for C6. Moreover, the samples

were loaded either undigested or digested with Asel.

The PFGE results of the undigested samples showed the three bands of 1,800, 450 and 150
kb that correspond to pSCL4, pSCL3 and pSCL2, as well as an additional large band lower than
100 kb that could represent fragmented DNA. Bands were visible at all concentration except
from C6, being C1 the one with the strongest signal (Figure 3.6). The samples digested with
Asel, showed a similar signal strength pattern in between the 6 different concentrations.
With bands at around 1,800, 1,600 (only C1), 930, 450, 365, 300, 200 and <100 kb, sizes that
correspond to some of the expected fragment sizes previously indicated in Table 3.1.
Moreover, this analysis was perform using HEPES instead of Tris on the buffers composition

which correlates with the previous PFGE results for the lack of degradation on the samples.

Furthermore, in order to confirm which bands represent megaplasmid DNA, this PFGE gel
was blotted to obtain a Southern blot using the genes tap and tpg as probe. These genes are
exclusive of the megaplasmid pSCL4 as described by Medema et al., 2010. The probe, as
expected, hybridised to the 1,800 kb band on the undigested samples and the 930 kb band
on the Asel digested ones, however, nearly all bands were highlighted on the blot, especially
on the higher concentration samples (Figure 3.7). This could be due to unspecific
hybridisation of the probe to the bands, which is particularly observable at higher DNA

concentration.

These results suggest that although samples with higher mycelium concentration are better
visualised on PFGE analyses, they increase the risk for unspecific probe hybridisation on
Southern blots. For this reason, concentrations of mycelium giving ODgoo of 2 to 1.8 are

preferred for the following analyses.
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Figure 3.6. PFGE of S. clavuligerus DSM 738 samples at 6 different concentrations (C1 to C6) either
uncut (left part) or digested with Asel (right part). Electrophoresis was performed using HEPES buffer
at 4 V/cm for 24 hours. Saccharomyces cerevisiae YNN295 was used as DNA size standard (Bio-Rad).
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Figure 3.7. Southern blot of PFGE gel shown in Figure 3.6, using pSCL4 genes tap-tpg as probe. S.
clavuligerus DSM 738 samples at 6 different concentrations uncut (left part) or digested with Asel
(right part).
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3.6 Mycelium harvested within 24 hours of inoculation gives the best results

on PFGE analyses of S. clavuligerus samples.

In order to characterise the optimum time point to harvest mycelium for PFGE analyses in S.
clavuligerus, electrophoresis was performed at 4 V/cm for 34 hours using mycelium of S.
clavuligerus DSM 738 grown in TSB medium and collected at 6 different time points: 24, 48,
72,96, 120 and 168 hours from inoculation. The samples were loaded either undigested or

treated with Asel restriction enzyme.

The obtained gel exhibited bands exclusively at time points 24, 48 and 72 hours in both
undigested and digested samples (Figure 3.8A). The undigested samples showed bands of
sizes that correspond to plasmids pSCL4, pSCL3 and pSCL2, while the Asel digest included
higher number of bands that might represent fractionated chromosomal DNA. These results
suggest that intact genomic DNA can only be extracted from mycelium grown up to 3 days in
TSB media. In addition, the band pattern did not show significant change between the first
three time points which confirms that the genome architecture remains stable during
vegetative growth. Moreover, the sample harvested at 24 hours exhibited the least DNA

degradation which suggests a lower exposure to endonucleases during this time.

Moreover, in order to further characterise the fitness and integrity of S. clavuligerus
mycelium during those time points to correlate to the PFGE data, microscopy images were
taken. The mycelium samples were stained following Schwedock staining (Schwedock et al.,
1997), and imaged with an epi-fluorescence microscope. This method allowed the
peptidoglycan stained with fluorescein isothiocyanate-wheat germ agglutinin (FITC-WGA) to
be presented in green under a FITC emission filter, and nucleic acids stained with propidium
iodide to be presented in red under a 600 nm emission filter. These images showed S.
clavuligerus hyphae progressively lysing and generally losing integrity with each day (Figure
3.8B). The 24 hours sample exhibited the least damaged mycelium which could imply a higher

availability of intact genomic DNA.

These results suggest that the best time point to collect mycelium for PFGE analyses is around

24 hours from inoculation, a fact that was followed for the subsequent gels performed.
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Figure 3.8. A: PFGE of samples of S. clavuligerus DSM 738 uncut or digested with Asel collected at 6

time points 24 to 168 hours. Electrophoresis was performed at 4 V/cm for 34 hours Saccharomyces
cerevisiae YNN295 was used as DNA size standard (Bio-Rad). B: Fluorescence microscopy images of
mycelium at each time point. Peptidoglycan was stained with fluorescein isothiocyanate-wheat germ
agglutinin (FITC-WGA) and is presented in green under a FITC emission filter. Nucleic acids were
stained with propidium iodine and are presented in red under a 600 nm emission filter.
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3.7 Southern Blot analyses of PFGE gels confirm the band of 1.8 Mb as pSCL4.
In order to confirm the genome architecture of S. clavuligerus, PFGE was performed using
the optimised conditions on the two DSM strains DSM 738 (type strain) and DSM 41826, and
the two industrial strains Sc2 and Sc6; as well as two different Streptomyces species S.
coelicolor M145 and S. rimosus G7. The samples were loaded either undigested or treated

with Asel nuclease and the electrophoresis was performed at 4 V/cm for 36 hours using

HEPES-based buffers.

The PFGE gel showed bands at around 450 and 150 kb for all undigested S. clavuligerus strains
and 738, Sc2 and Scb6 also presented a band at 1,800 kb that could represent pSCL4 (Figure
3.9). The digested samples of S. clavuligerus showed a similar band pattern, with the addition
of a band at 1,600 kb in 41826. Sc2 and Sc2 lacked the band at around 930 kb present on the
other S. clavuligerus strains. This band, according to the predicted fragment sizes (Table 3.2),
was part of pSCL4. In addition, Sc2 also lacked a band at around 380 kb. On the other hand,
Sc6 had additional bands at around 1,100, 1,050 and 900 kb. Moreover, the bands from the
digested S. clavuligerus DSM 41826 sample show the best correlation to the expected
fragment sizes. The samples belonging to S. coelicolor and S. rimosus showed a similar band
pattern to the expected fragments when digested with Asel, however the undigested
samples presented unexpected bands and smearing between 2,000 and 1,125 kb, which

could be due to cellular debris from the plugs.

Furthermore, in order to confirm the band at 1,800 kb on the undigested S. clavuligerus
samples represents the megaplasmid pSCL4 and not chromosomal DNA, a Southern blot was
performed on the PFGE gel using the pSCL4 tap-tpg as probe. The blot showed how the probe
hybridised to the 1,800 kb band on the undigested samples and to the 930 kb band on the
Asel digested sample, fragment that contains the tap-tpg operon on pSCL4 (Figure 3.10). In
addition, no hybridisation was shown on the S. coelicolor and S. rimosus samples,

corroborating the specificity of this probe to S. clavuligerus pSCLA4.
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Figure 3.9. PFGE of samples of S. clavuligerus DSM 738, DSM 41826, Sc2, Sc6, S. coelicolor and S.

rimosus undigested or digested with Asel. Electrophoresis was performed at 4 V/cm for 36 hours
Saccharomyces cerevisiae YNN295 and Lambda PFG Ladder were used as DNA size standard (Bio-Rad).

Table 3.2. List of expected band sizes (in kilo-bases) in S. clavuligerus S. coelicolor M145 and S. rimosus
G7 genomes when digested with Asel. In the case of S. clavuligerus chromosomal fragments are

indicated in black, while pSCL4 fragments are indicated in blue and pSCL3 in red.

S. clavuligerus

S. coelicolor

S. rimosus

1,898
1,612
929
684
442
406
355
339
328
275
250
234
233
227
211
187
159

1,500
1,300
960
900
820
610
480
380
290
200
190
140
110
45
16

11

10

1800
1200
850
680
630
580
500
430
400
300
180
80
40
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Figure 3.10. Southern blot of PFGE gel shown in Figure 3.9 using tap-tpg as probe. The probe
hybridises to the band of 1.8 Mb in uncut samples, and 930 kb in Asel digests in S. clavuligerus samples
(indicated in the blue boxes). Both bands correspond to pSCL4 DNA.
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Moreover, in order to detect chromosome-specific bands in PGFE gels we performed a
Southern blot using S. clavuligerus DSM 738 ftsZ as probe. PFGE of undigested samples of S.
clavuligerus DSM 738, Sc2 and Sc6 was performed at 4 V/cm for 34 hours and the gel was
blotted and hybridised. As it was expected, the probe did not hybridise to the bands

corresponding to the plasmids, as this gene is only present in the chromosome (Figure 3.11).

This leads us to the conclusion that the chromosome is unable to migrate in a PFGE unless
fractionated with restriction nucleases, thus the visualised bands on undigested samples

correspond to extrachromosomal DNA.
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Figure 3.11. PFGE of undigested S. clavuligerus DSM 738, Sc2, Sc6 (left). Electrophoresis was
performed at 4 V/cm for 34 hours. Saccharomyces cerevisiae YNN295 was used as DNA size standard
(Bio-Rad). Southern blot of the PFGE using S. clavuligerus DSM 738 ftsZ as probe (right).
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3.8 The final physical map of S. clavuligerus DSM 738 genome.

Once the optimised method for PFGE analyses of S. clavuligerus samples was obtained, and
the presence of pSCL4 confirmed, a PFGE was performed using S. clavuligerus DSM 738
samples digested with four restriction enzymes: Asel, Dral, Afill and Sspl (AAT’ATT), with the
intention of constructing a final physical map of the genome of said strain. The
electrophoresis was performed at 4 V/cm for 33 hours and an uncut sample of S. clavuligerus

was loaded along with the digested ones.

The gel showed bands patterns similar to the estimated fragments from in silico digest of
previously published sequences (Figure 3.12; Table 3.3) (Cao et al., 2016; Medema et al.,
2010; Song et al., 2010). This suggests that the genome of S. clavuligerus DSM 738 presents
similar genetic architecture to the genome of S. clavuligerus strains previously sequenced. In
addition, the presence of 3 extra-chromosomal bands at sizes 1,800, 440 and 150 kb confirms

that S. clavuligerus DSM 738 carries the plasmids pSCL4, pSCL3 and pSCL2.
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Figure 3.12. PFGE of S. clavuligerus DSM 738 digested with Asel, Dral, Aflll and Sspl, as well as
undigested. Electrophoresis was performed at 4V/cm for 33 hours. Saccharomyces cerevisiae YNN295
was used as DNA size standard (Bio-Rad).

Table 3.3. List of expected band sizes in S. clavuligerus genome when digested with Asel, Dral, Aflll
and Sspl. Chromosomal fragments are indicated in black, while pSCL4 fragments are indicated in blue
and pSCL3 in red.

Asel digests (kb) Dral digests (kb) Aflll digests (kb) Sspl digests (kb)
1,898 2,707 1,337 993
1,612 1,067 833 733

929 1,033 831 602
684 805 637 590
442 598 441 415
406 594 334 328
355 526 300 324
339 506 293 307
328 444 284 306
275 279 255 269
250 238 242 261
234 200 241 233
233 115 228 214
227 225 203
211 200 183
187 194 180
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3.9 Summary

The optimisation experiments described in this chapter have allowed us to develop an
effective method for pulse-field gel electrophoresis analyses on S. clavuligerus samples. This
method in not only valid for publicly available strains such as the ones provided by DSMZ, but
also for industrial strains, as seen for Sc2 and Sc6 strains. This fact is particularly beneficial
for GSK as it would facilitate rapid screening of interesting mutants, as well as
characterisation of their already established strain lineage. In addition, this method has also
been proven effective for other Streptomyces species, such as S. coelicolor, S. rimosus, as well
as unknown streptomycetes isolates (data not shown), which proves this method to be

considered as a good alternative to the established protocol described by Kieser et al., 2000.

These results show how S. clavuligerus is susceptible to Tris-dependent DNA degradation
such as seen in PFGE of other species of the genus like S. lividans (Evans and Dyson, 1993).
This would also explain the missing bands from the gels published by Netolitzky et al., 1995
and Huang et al., 1998, who used Tris-based buffers for their analyses. The increased quality
of PFGE gels performed using HEPES-based buffers was also confirmed for microorganisms
of different phyla, like Salmonella enterica (Koort et al., 2002). The reason behind Tris-
dependent DNA cleavage was first determined using conventional electrophoresis of S.
lividans DNA. It was suspected that this was due to formation of nucleolytic free radical
species from electric field-activated Tris, as this DNA cleavage was significantly decreased in
the presence of the radical scavenger agent thiourea (Zhou et al., 1988; Ray, Weaden and
Dyson, 1992). This DNA degradation (Dnd) phenotype of S. lividans is now known to be a
consequence of incorporation of sulphur between guanine nucleotides (phosphorothioation)
by the action of Dnd proteins (Wang et al., 2007). This sulphur-modified sites suffer double-
stranded cleavage during electrophoresis in the presence of Tris, as an oxidative peracid
derivative of this molecule is formed at the anode which induces amine-catalysed DNA

scission (Ray, Mills and Dyson, 1995).

Three genes were identified in S. clavuligerus chromosome sequences as putative dndA, dndB
and dndC, annotated on the S. clavuligerus ATCC 27064 sequence (Medema et al., 2010) as
SCLAV_2520, SCLAV_2515 and SCLAV_2517 respectively (Figure 3.13). The presence of these
genes in S. clavuligerus implies the possibility of a Dnd phenotype in this organism which
could be susceptible to activated Tris derivatives during electrophoresis explaining the

exhibition of DNA degradation on the gels performed with Tris-based buffers.
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Figure 3.13. S. clavuligerus ATCC 27064 chromosome sequence (view from StrepDB) annotated genes
SCLAV_2515, SCLAV_2527 and SCLAV_2520 identified as putative dndB, dndC and dndA respectively.

Our PFGE results also evidence the sensitivity of S. clavuligerus to lysozyme treatment, as we
could observe DNA bands after only 5 minutes of lysis. This sensitivity was also exhibited
during Schwedock staining of S. clavuligerus mycelium for microscopy, as the 1-minute
lysozyme treatment proved to yield greatly damaged mycelium as compared to S. coelicolor
mycelium that remained intact (data not shown). In addition, rapid lysis of S. clavuligerus
mycelium has also been evidenced in our work during protoplast formation, when large
number of protoplasts were visualised only 5 minutes after the addition of lysozyme.
Although no specific studies have been published on lysozyme effect on S. clavuligerus, it is
an important observation and fact to consider for further experiments involving protoplast

formation, such as DNA extraction and protoplast transformation.

These experiments have also proved how DNA availability significantly decreases after three
days in liquid culture which could be due mainly to generalised mycelium lysis and nuclease
activity. Previous articles showed how S. clavuligerus enters stationary phase after 24 hours
of culture (Hung et al., 2007), a fact that was also demonstrated in our growth curves
(Chapter 6), and how biomass significantly decreases after three days of culture (Fu et al.,
2019), which correlates to our microscopy images. This suggest that once the stationary
phase is reached, the microorganism starts to starve and begins autolysis. The increased
presence of cytosolic enzymes and nucleases as a consequence of cell lysis after the third
day of submerged culture has been confirmed for other species, like S. coelicolor and
Streptomyces antibioticus (Manteca et al., 2008; Manteca et al., 2006). This fact could be
extrapolated to S. clavuligerus and emphasises the importance of using young mycelium for

experiments involving DNA extraction.
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The PFGE analyses performed with the optimised protocol have allowed us to obtain physical
evidence of the genome of S. clavuligerus DSM 738 containing DNA fragments between 2,200
and 100 kb of either intact or digested genomic DNA. The PFGE of intact DNA has confirmed
the presence of the plasmids pSCL2 and pSCL3 with sizes around 150 and 450 kb respectively.
This data correlates to the PFGE results published by Netolitzky et al., 1995 and Huang et al.,
1998. Furthermore, our analyses have made possible the first visualisation of the entire
megaplasmid pSCL4 on a gel, which was confirmed by Southern blotting and, with a size of
around 1.8 Mb, is the largest linear plasmid ever identified in PFGE. The PFGE of digested
samples has also allowed identification of chromosomal fragments, that together build up
the genomic map. In general, these bands correlate well with the in silico digests of the
available sequences of S. clavuligerus strains ATCC 27064 and F613-1 (Cao et al., 2016;
Medema et al., 2010; Song et al., 2010), which suggests that the genome sequence of DSM
738 is similar to these. Moreover, we have constructed a table with the fragment sizes
estimated from these PFGE analyses (Table 3.4). This will be compared to the whole genome
sequencing results described on Chapter 4, in order to establish a final combined genome

map of S. clavuligerus DSM 738.

Table 3.4. List of estimated fragment sizes (kb) of the genome of S. clavuligerus DSM 738,
unfragmented or digested with the enzymes: Asel, Dral, Aflll and Sspl as predicted from PFGE analyses.

Uncut Asel Dral Aflll Sspl
1,800 1,800 1,800 1,300 1,000
450 950 1,300 800 700
150 680 1,050 600 550
430 940 450 400
400 780 300 300
355 550 280 250
260 470 230 150

230 450 200

150 180
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4. CLOSURE OF THE S. CLAVULIGERUS DSM 738 GENOME SEQUENCE

Since the discovery of the ability of Streptomyces strains to produce interesting secondary
metabolites, these organisms have been intensely exploited for the mass production of many
molecules used currently in the clinic. The advance in genomics has allowed identification of
the biosynthetic gene clusters responsible for these metabolites, as well as other silenced
clusters that demonstrate the great potential of streptomycetes. The importance of
obtaining a good quality genome sequence is evident, not only for genome mining studies,
but also in order to acquire better understanding of the physiology of these complex

microorganisms.

The advances in whole genome sequencing during the last few decades have allowed
researchers to obtain genome sequences of Streptomyces strains in a much faster and
affordable way. The most common next generation sequencing technology used is short read
Illumina sequencing, which has high nucleotide accuracy. However, Streptomyces genomes
carry repetitive sequences and regions of high homology within the same molecule which
hinders the assembly of short reads into complete sequences yielding genomes split into
hundreds of contigs. The use of long read sequencing technologies such as Single molecule
real time (SMRT) sequencing by PacBio (Pacific Biosciences) facilitates assembly yielding
fewer contigs. SMRT technology also provides more even coverage for organisms with high
GC content, such as Streptomyces, than Illumina sequencing (Shin et al., 2013). Using PacBio
technology for sequencing genomes and correcting the assembly with high-quality short
reads by Illumina has resulted in the optimum method to obtain a closed and accurate
genome sequence of Streptomyces strains. An example of this is the whole genome
sequencing project of S. leeuwenhoekii by Gomez-Escribano et al., 2015, where they

successfully obtained a closed sequence of the chromosome and two plasmids.

The genome of S. clavuligerus type strain ATCC 27064 has been sequenced using next
generation sequencing technologies on three occasions (Table 4.1). The first one, published
by Medema et al., 2010, was constructed into two scaffolds representing the chromosome
and pSCL4, which confirmed the presence of this giant linear plasmid for the first time in S.
clavuligerus. The second publication presented 5 scaffolds: chromosome, pSCL4, pSCL3,
pSCL2 and pSCL1; and this is the only one presenting all replicons (Song et al., 2010). The
third article reports the only published sequence of an S. clavuligerus type strain genome

that is closed, and by closed sequence we mean a single contig for each replicon, however,
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this publication only presents sequences for the chromosome and pSCL4 (Hwang et al.,
2019). Furthermore, two more closed sequences for S. clavuligerus are publicly available,
which are the ones belonging to the industrial strains F613-1 and F1D-5 (Table 4.1). These
strains only present sequences for the chromosome and pSCL4; and in the case of F1D-5 also
pSCL2, which means that either these strains do not carry the rest of the replicons, or they
were ignored during sequencing (Cao et al., 2016). The discrepancy between these
sequences makes it impossible to correlate them to our type strain, which makes evident the
necessity of obtaining a high-quality complete sequence of S. clavuligerus genome that we
can work with.

Table 4.1. List of publicly available genome sequences of S. clavuligerus strains obtained from NCBI.

*No published article available for F1D-5 strain. **Closed instead of complete: they present one contig
per replicon but they lack telomeric sequences.

Reference Strain Technology Replicons Assembly level
Medema et al., ATCC .
2010 27064 SOLiD Chromosome, pSCL4 Scaffolds
ATCC Chromosome, pSCL4, pSCL3,
Song et al., 2010 7064 Sanger & 454 pSCL2, pSCL Scaffolds
Caoetal., 2016 F613-1 IIIumllna & Chromosome, pSCL4 Closed**
PacBio
lllumina &
Cao et al.,, 2018* F1D-5 Paucr;'ga Chromosome, pSCL4, pSCL2  Closed**
Hwang et al., ATCC lllumina & %
2019 27064 PacBio Chromosome, pSCL4 Closed

Moreover, combining Next Generation Sequencing technologies can allow construction of
closed sequences but considering the linear topology of Streptomyces genomes, closed
assemblies do not necessarily involve sequence completeness. This is because these
sequencing technologies often fail to obtain the complete telomeres of linear chromosomes
or plasmids. In addition, the presence of long terminal inverted repeats on these organisms
hinders assembly at the sequence ends. This is the case for the published S. clavuligerus
sequences; for example, an archetypal telomere sequence is found at one of the ends of the
chromosome of the F613-1 strain, while the other end is missing. The same situation is
observed for the sequences of pSCL4 and pSCL3 published by Song et al., 2010. For this
reason, we consider that in order to refer a sequence as complete, it should contain both

telomeres, and so none of the current S. clavuligerus sequences are fully complete.
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Telomere identification has traditionally been done by cloning. This involved removal of
covalently-link terminal protein by alkali treatment, restriction enzyme digestion and ligation
to a vector prior to cloning in E. coli (Goshi et al., 2002). Two adaptations of this protocol
were also successfully used, one involved utilisation of glass beads to bind the protein-DNA
complex and removing proteins with a piperidine solution (Huang et al., 1998). Interestingly,
this publication presented the sequence of the telomere of S. clavuligerus ATCC 27064 pSCL2
plasmid amongst other species. The other adaptation of this method used integration of an
E. coli vector by homologous recombination into the telomere sequence prior to enzyme
digestion and self-ligation before cloning (McLeod et al., 2006). A non-cloning method for
telomere identification was described by Ohnishi et al., 2008, where they incorporated polyA
tails to the 3’ends and then amplified the telomere twice (nested PCR) using a primer
containing a polyT region. A final method for telomere purification was published by Fan et
al., 2012, that did not involve cloning and reduced the amplification steps. This is the self-
ligation method, in which genomic DNA is digested with a restriction enzyme that leaves a
blunt end, the terminal proteins are removed by alkali treatment and the DNA fragments are
then self-ligated at the blunt ends (Figure 4.1). The telomeres are then amplified by inverted
PCR using a primer from the sequence close to the restriction site and a primer close to the
sequence terminus. The self-ligation method appears to be the best option for rapid
purification of the telomeres of Streptomyces strains, whose genome sequence is at least
partially known.

NaOH/HCI Self liat PCR and
Telomere treatment welrligation Sequencing

._lllll
TP Yo —

Blunt-end RE

Figure 4.1. Diagram of the self-ligation method for telomere purification, adapted from Fan et al.,
2012. TP: terminal protein, RE: restriction enzyme. P1 and P2: primers for inverted PCR.

This chapter focuses on obtaining the whole genome sequence of S. clavuligerus DSM 738
using a combination of Illumina and PacBio data. This assembly is complemented with the
identification of the telomeres of chromosome and plasmids. In addition, the final complete

sequence is characterised and compared to relevant strains of Streptomyces.
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4.1 Combining Next Generation technologies lllumina and PacBio obtains

closed sequences of S. clavuligerus DSM 738 chromosome and plasmids.

In order to obtain accurate short-read sequencing data of the genome of S. clavuligerus DSM
738, genomic DNA was sequenced using the Illumina MiniSeq apparatus (University of
Strathclyde). For this, genomic DNA of S. clavuligerus DSM 738 was extracted, quantified by
Qubit and qualified with gel electrophoresis (Figure Al in Appendix). This DNA was used to
prepare the indexed pair-end library using the lllumina Nextera™ DNA Flex Library Prep Kit.
In order to check the quality of the library, we used the Agilent 2100 Bioanalyzer System. The
Bioanalyzer results showed bands at migration times between 120 to 100 seconds with a
mean migration time of 109.17 seconds (Figure 4.2). Comparison to the DNA ladder
confirmed a mean library size of 600 bp. The genomic library was loaded into the MiniSeq
and forward and reverse reads were obtained. Assembly of the reads yielded 1,135 contigs,
with a total length of 9,139,898 bp and an N50 value of 48,890. Additionally, for comparison
purposes, the genome of S. clavuligerus DSM 738 was also sequenced using the services of
Microbes NG (Birmingham) that utilise Illumina HiSeq technology. The assembly of HiSeq
reads yielded a total number of 8,999,860 bp splitin 1,660 contigs, and a N50 value of 14,149.

In order to obtain long-read sequencing data, the genome of S. clavuligerus DSM 738 was
sequenced in the Northumbria University using PacBio technologies. The assembly obtained
a genome of 8,983,123 bp in 15 contigs with a N50 value of 6,729,334. Furthermore, a hybrid
assembly was constructed using the MiniSeq and PacBio reads, which reduced the number

of lllumina contigs to 504 and increased the N50 value to 194,924.

For the purpose of comparing the assembly results from all these sequencing technologies,
a table was constructed with the Quast results of each assembly (Table 4.2). This table
evidences the much higher assembly coverage of PacBio sequencing data with a significantly
lower number of contigs and a large contig of 6,729,334 which resembles the size of the S.
clavuligerus chromosome described in previous publications. Moreover, the assembly
obtained from MiniSeq data exhibits a substantially higher quality than the assembled HiSeq
data. This could be due to the Illumina platform itself or to the library preparation
methodology used. Given these observations, we decided to use the PacBio contigs, along
with the MiniSeq + PacBio contigs for further analysis and construction of the final closed

genome assembly.
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Figure 4.2. Bioanalyzer results for the genomic library of S. clavuligerus DSM 738. A: Electropherogram
of Bioanalyzer electrophoresis shows a mean library migration time of 109.17 seconds. B:
Representation of Bioanalyzer electrophoresis of library varying in migration times between 120 to
100 seconds.
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Table 4.2. Quast results comparison of the four obtained assemblies of S. clavuligerus DSM 738

genome. The statistics are based on contigs bigger than 500bp, unless otherwise noted.

PacBio MiniSeq HiSeq MiniSeq + PacBio
# contigs (> =0 bp) 15 1134 1660 504
# contigs (> = 1000 bp) 15 346 1052 86
Total length (> =0 bp) 8983123 9139898 8999860 9186333
Total length (>=1000 bp) 8983123 9027817 8787469 9142761
# contigs 15 380 1211 91
Largest contig 6729334 206614 65961 387419
Total length 8983123 9051120 8899421 9146339
GC (%) 72.4 72.4 72.32 72.36
N50 6729334 48890 14149 194924
N75 515261 25640 6905 114533
L50 1 59 197 18
L75 2 124 423 32
# N's per 100 kbp 0 0 0.01 0

In order to obtain a closed assembly for S. clavuligerus DSM 738 genome, the PacBio contigs
were manually assembled using the MiniSeq + PacBio contigs (hereafter referred to as
Illumina contigs to avoid confusion). For this, each end of every PacBio contig was identified
using SnapGene and Artemis in the lllumina contigs. The PacBio contigs were then manually

mapped to the Illumina contigs, extended and, in some cases, joined (Figure 4.3).

In the case of the chromosome, the Contig_0 of 6,729,334 bp of size was identified as
chromosomal DNA and the ends were extended 12 kb upstream and 7 kb downstream using
Illumina contigs, yielding a molecule of 6,748,317 bp of size, which is only 274 bp fewer than

the chromosome sequence published by Hwang et al., 2019.

The megaplasmid pSCL4 assembly was obtained joining 11 PacBio contigs: Contig 5,
Contig_14, Contig_4, Contig_6, Contig_1, Contig_9, Contig 8, Contig_11, Contig_10,
Contig_12 and Contig_3. This resulted in a sequence of 1,795,361 bp, 134 bp fewer than the

Hwang plasmid sequence.

pSCL3 was almost entirely composed of the PacBio Contig_2, which was extended 6 kb

upstream and 8 kb downstream using lllumina contigs to yield a sequence of 453,816 bp.

The pSCL2 plasmid was assembled by joining the PacBio contigs Contig_13 and Contig_7

using lllumina contigs into a sequence of 149,435 bp.
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In the case of pSCL1, no PacBio contigs were identified to correspond to this plasmid.
However, the complete sequence of this plasmid was identified by Wu and Roy, 1993 from
S. clavuligerus NRRL 3585, by cloning and Sanger chain-termination sequencing, and so we
consider this as a trustworthy reference sequence. lllumina contigs were mapped to the Wu
& Roy sequence and the contigs belonging to pSCL1 were identified and manually assembled.
In addition, the MiniSeq reads were mapped against the Wu & Roy sequence showing an
entire coverage of this sequence by our reads, which suggest this is an almost identical
sequence to S. clavuligerus DSM 738 (Figure 4.4A). However, two SNPs (single nucleotide
polymorphism) were identified in all the reads mapping those specific bp, which could
represent mutations on our strain (Figure 4.4B). These two bp were corrected on our pSCL1

sequence.

Once obtained the closed sequences for all the replicons, we performed a Pilon analysis using
the MiniSeq reads in order to polish the sequences. This analysis identified variants and

corrected the most common inconsistencies on the assemblies.

After the polishing of the five different replicon sequences, we could confirm the closed, high
quality sequences of S. clavuligerus DSM 738 chromosome, pSCL4, pSCL3, pSCL2 and pSCL1.
However, other than pSCL1, the telomeres of these sequences remained missing and so,
further physical analyses were necessary for their identification and to obtain the complete

genome sequence.
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4.2 S. clavuligerus DSM 738 carries several copies of the archetypal telomere

found in F613-1 strain sequence.
In order to study the sequence ends and the presence of archetypal telomeres in S.
clavuligerus DSM 738, genomic DNA of this strain was compared to sequence ends of the

F613-1 strain. For this, a series of analyses by Southern blotting were performed.

The F613-1 strain contains an archetypal telomeric sequence at one of the ends. In order to
detect the presence of this telomere in our strain, a probe was constructed using the first
500 bp of the F613-1 sequence containing this telomere. The probe was used for Southern
hybridisation to genomic DNA of S. clavuligerus DSM 738. For this, genomic DNA was digested
with the restriction enzymes BamHl, Sacl, Zral, EcoRV and Bgl/ll independently, and the
digests were separated by electrophoresis. The gel was then blotted and hybridised to the
probe. The blot shows many bands of different intensities (Figure 4.5). Strong bands were
identified at the expected sizes for the F613-1 chromosome sequence at 0.75 (BamHl), 1.2
(Sacl), 3 (Zral), 4.3 (EcoRV) and 6.4 kb (Bglll), which suggests that DSM 738 presents this
telomere and carries a similar sequence at one of the ends. The presence of other strong
bands at different sizes suggest the presence of this telomere at the other end of the
chromosome, as well as the potential presence of similar telomere sequences on the

plasmids.

Furthermore, the other end of the F613-1 sequence does not present a telomere-like
sequence, thus we hypothesise that the real end is missing from this sequence. In order to
study if this sequence is present on DSM 738 and confirm the missing material, a Southern
blot using the last 500 bp of the F613-1 sequence as probe was performed. Firstly, genomic
DNA was digested with the restriction enzymes BamHlI, Sacl, Hindlll, EcoRV and Bglll.
Following electrophoresis, the gel was blotted and hybridised to the probe. The blot showed
bands at around 8 (BamHl), >23 (Sacl), >23 (Hindlll), 15 (EcoRV) and 11 kb (Bgl/ll), which
confirms the presence of this sequence on DSM 738 strain (Figure 4.6). Nevertheless, these
bands are larger than the fragments obtained from in silico digest of the F613-1 sequence of
6.8, 25.6, >23, 12.1 and 9.3 kb respectively, which confirms that in silico sequence

information is indeed missing from this sequence end.

Furthermore, another Southern blot was performed on a PFGE gel containing DNA of S.
clavuligerus DSM 738 digested with Aflll and Dral, using the non-telomere end probe. The
blot exhibited bands at below 100 kb for Aflll digest and around 945 kb for Dral (Figure 4.7).
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Figure 4.5. Southern blot of digested genomic DNA of S. clavuligerus DSM 738 hybridised to F613-1
telomere. The asterisks indicate the expected bands for the digested chromosome presented on the

F613-1 end sequence diagram (probe represented as red box).
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Figure 4.6. Southern blot of digested genomic DNA of S. clavuligerus DSM 738 hybridised to F613-1
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sequence diagram (probe represented as red box).
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According to an in silico digestion of the F613-1 sequence, the fragments should show bands
at 34 and 931 kb respectively. Our results suggest that, even though the right telomere is

missing from the published sequence, this current sequence is not far from completion.

Overall, these results confirm the presence of more than one archetypal telomere in the
genome of S. clavuligerus DSM 738. In addition, it is evidenced once again that even the most
advanced sequencing technology available is not fully able to obtain complete linear

sequences.

4.3 The telomeres of S. clavuligerus DSM 738 chromosome and plasmids are

identified using the self-ligation method.

In order to identify the telomeres of the chromosome and plasmids of S. clavuligerus DSM

738, we performed the self-ligation method adapted from Fan et al., 2012.

In the case of the chromosome telomeres, blunt-end restriction enzymes were chosen for
each end depending on the restriction site found closest to the sequence end. Smal
(CCC’'GGG) was chosen for both the left and right ends. Primers pairs were then designed so
they would face outward on the sequence (divergent orientation); one of the primers anneals
near the restriction site, while the other one anneals close to the end of the sequence. The
self-ligation telomere purification method was then performed following the workflow
presented on Figure 4.8. The primers Chrom-iPCR-L1 and Chrom-iPCR-L2 were used to
amplify the left telomere, and the primers Chrom-iPCR-R1 and Chrom-iPCR-R2 for the right
telomere. Gel electrophoresis of the amplified regions shows a band at 0.8 kb for the left
telomere and two bands of sizes 2.7 and 1.1 kb for the right telomere (Figure A2 in Appendix).
The amplicons were finally sequenced using the previously mentioned primers. The obtained
sequences exhibited the same telomere joint to half of the Smal restriction site (CCC) (Figure
4.9). This confirms that the digested DNA fragment containing the end, self-ligated at the
blunt ends (telomere and Smal-cut) and so, the product could be amplified by divergent
primers. This confirms that we have successfully purified and sequenced the telomeres of

the S. clavuligerus DSM 738 chromosome using the self-ligation method.
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The same workflow was utilised for purification of the telomeres of the plasmids pSCL4,
pSCL3 and pSCL2. For pSCL4, the enzymes Zral (GAC'GTC) and Smal were used for purifying
the left and right telomeres respectively. Amplification of the left end was done using the
primers pSCL4-iPCR-L1 and pSCL4-iPCR-L2, while the primers pSCL4-iPCR-R1 and pSCL4-iPCR-
R2 were used for the right end, these exhibited bands at 0.6 and 0.7 kb respectively (Figure
A3 in Appendix). In the case of pSCL3, the enzymes Smal and EcoRV (GAT’ATC) were used for
the left and right telomeres, and the primers pSCL3-iPCR-L1- pSCL3-iPCR-L2, and pSCL3-iPCR-
R1-pSCL3-iPCR-R2 that yielded a band of 0.3 kb for the left telomere and two bands of 0.7
and 1.3 kb for the right telomere. However, the sequencing results of the right end of pSCL3
did not extend to the sequence end, but since it was observed on the assembly that pSCL3
right end aligned well to the left telomere and was only missing the last 11 bp, the obtained
left telomere was used also for completion of the right end. Finally, the enzyme Zral was used
for identification of both telomeres of pSCL2 and amplification was done using the primers
pSCL2-iPCR-L1- pSCL2-iPCR-L2, and pSCL2-iPCR-R1-pSCL2-iPCR-R2 which exhibit amplicons of

sizes 0.8 and 0.6 kb respectively.

Once obtained the telomeric sequences of all the replicons, these were aligned to the
sequencing data, and the missing sequences were added to the assembly in order to
construct the complete genome. 524 and 13 bp were added to the left and right ends of the
chromosome assembly respectively. Furthermore, in order to observe the coverage of
MiniSeq reads to the telomeres, the reads were mapped again to the final assembly. This
shows how the lllumina reads cover up to the 9" bp from both ends of the chromosome
sequence (Figure 4.10). Moreover, even though the first 524 bp were missing from the

assembly, the sequencing data correlates to our purified telomere sequencing.

In the case of pSCL4, 61 bp were added to the left end, and 133 bp to the right end. When
mapping the lllumina reads to the telomeres, it was observed that these covered up to the

9t bp from the sequence ends, just like the chromosome reads (Figure 4.11).

The sequence of pSCL3 was completed by adding 1,537 bp to the left end, and 11 bp to the
right end. It was observed during assembly of pSCL3, the presence of larger terminal inverted
repeats (TIR) sequences on this replicon, which explains the large missing region at the left
end, as current automated assembly methods usually fail to properly obtain both TIR
sequences. The final complete assembly of pSCL3 was mapped to the MiniSeq reads and

showed how they mapped perfectly to the telomeres up to the last 12% bp (Figure 4.11).
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Figure 4.10. lllumina MiniSeq reads (in blue) mapped to the chromosomal telomeric sequences (grey)

as viewed on Artemis.
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Figure 4.11. lllumina MiniSeq reads (in blue and black) mapped to the telomeric sequences (grey) of

pSCL4, pSCL3 and pSCL2 as viewed on Artemis.

85



In the case of pSCL2, 334 bp and 10 bp were added to the left and right end of the assembly
respectively. When mapping lllumina reads to the pSCL2 telomeric sequences, it is shown
how they cover up to the 7% bp of the left telomere whilst for the right telomere, there are
interestingly three reads that map to the very end of the sequence (Figure 4.11). Given that
the aligned region of these reads is short, they were checked individually, and it was
confirmed that the reads were incorrectly mapped to the end region given the presence of
many repeated regions in the telomeres of S. clavuligerus. In consequence, correctly aligned

reads are confirmed to map to up the 9% bp from the end.

In summary, we have obtained the complete sequences for the chromosome and plasmids
of S. clavuligerus DSM 738 by adding the telomere sequences obtained using the self-ligation
method to the closed assemblies. In addition, these results confirm good correlation
between the telomeres sequences and the sequencing data and evidences the inability of

Next-generation sequencing technologies to reach the end of linear sequences.

4.4 The genome of S. clavuligerus DSM 738 carries four different sets of

archetypal telomeres.
In order to characterise the telomeres of the chromosome and plasmids in S. clavuligerus
DSM 738, we compared the telomeric sequences between themselves and to the published

telomeres of other Actinobacteria carrying linear chromosome and plasmids.

Firstly, the telomeres from the same replicons were compared to each other and it was
confirmed that each molecule carries an almost identical telomere at both ends of the
sequence. Furthermore, in order to compare these to other relevant species, we constructed
an alignment using archetypal telomeres from 22 chromosomal and 20 plasmid sequences
against the five telomeres of S. clavuligerus. This alignment shows the nucleotide identity of
the 120 -130bp of the telomere at the 3’ end (Figure 4.12). This comparison shows the
presence of archetypal sequence in all the S. clavuligerus telomeres, this is evidenced by the
observation of the 13 bp sequence CCCGCGGAGCGGG that forms Palindrome |, which is
characteristic of archetypal telomeres. Beyond these 13bp, the telomeric sequences start to
differ but many conserved regions are still observable, as visualised on the consensus graph.

These results suggest that all the S. clavuligerus DSM 738 telomeres are archetypal.
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Figure 4.12. Alignment of telomeres of linear chromosomes and plasmids of Acinobacteria species,

in the back box). Telomeres from chromosome sequences are presented in black and plasmids in red. Alignment constructed in Jalview using the MUSCLE alignment.

The consensus graph (in black) presents the % of the calculated consensus nucleotide for each position.
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Moreover, a maximum likelihood phylogenetic tree was constructed in order to compare the
last 150 bp of the S. clavuligerus telomeres to other Actinobacteria telomeres. The tree
exposes how the telomeres are split in two main clusters (Figure 4.13). The smaller cluster
contains the telomeres of S. clavuligerus chromosome, pSCL4, pSCL3 and pSCL1. The larger
cluster harbours most of the telomeres analysed, including the telomere of S. clavuligerus
pSCL2 and the chromosomal telomere of the model organism S. coelicolor. Furthermore,
pairwise alignments of these telomeric sequences were calculated, which confirmed that the
S. clavuligerus chromosome and pSCL4 telomeres are 96% identical (Table 4.3), which
correlates to their close location on the tree. High similarity between chromosome and
plasmid telomeres in the same strain is also visualised on the phylogenetic tree on many
other species, such as, S. anulatus, S. rochei, S. hygroscopicus, S. lavendulae, S. globisporus,
S. avermitilis, S. parvulus, S. glaucescens and S. lividans. However, this similarity substantially
decreases when comparing the chromosome telomeres to the rest of the plasmids: 56.5%
for pSCL3, 54.5% for pSCL2 and 61.36%. In the case of pSCL2, its telomeres are highly similar
to other Streptomyces species such as S. coelicolor (80.5%), which correlates to its position
on the phylogenetic tree. Moreover, low similarity is visualised between the telomeres of the

S. clavuligerus plasmids.

Overall, these results suggest that the chromosome and the megaplasmid pSCL4 carry almost
identical telomeres, while the rest of the telomeres in S. clavuligerus are substantially
different. These results might help us gain better understanding on how these replicons

evolved and how their telomeres are replicated and maintained.

Table 4.3. Identity percentage values calculated by pairwise alignment of S. clavuligerus 150 last bp of
telomeres located on chromosome, pSCL4, pSCL3, pSCL2 pSCL1 and the S. coelicolor chromosome.

Chrom pSCL4 pSCL3 pSCL2 pSCL1 S. coelicol

Chromosome 56.50% 54.50% 61.36% 57.39%

pSCL4 53.76% 55.68% 61.02% 58.86%
pSCL3 56.50% 53.76% 55.23% 59.30% 59.28%
pSCL2 54.50% 55.68% 55.23% 64.12% 80.50%
pSCL1 61.36% 61.02% 59.30% 63.35%
S. coelicolor 57.39% 58.86% 59.28% 80.50%
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In addition, in order to characterise the secondary structures of S. clavuligerus telomeres,
folded forms of the telomeres were obtained using the last 80 to 100 bp of the telomeres
and compared to the secondary structure of the S. coelicolor chromosome telomere. The five
folded telomeres exhibit four hairpin loops composed by the four Palindromes | to IV (Figure
4.14). These secondary structures follow the Clover Leaves model of four loops characteristic
of archetypal telomeres. The five telomeres carry the same first loop (Palindrome I), which is
an element common with the S. coelicolor chromosome telomere. Moreover, the telomeres
on the chromosome, pSCL4, pSCL2 and pSCL1 carry a second loop of 19-20 nucleotides
(Palindrome 1) which is separated by 3 nucleotides from the first loop, just like in the S.
coelicolor telomere. This is not the case in pSCL3’s telomere, which exhibits a larger second
loop that starts right after the first loop. A larger third loop of 19 to 24 nucleotides
(Palindrome Ill) is present in all the structures, which are similar to that of S. coelicolor, apart
from the S. clavuligerus chromosome and pSCL4, which show an aperture in the middle of
the loop. Finally, they all present a long fourth loop of 22-23 nucleotides (Palindrome 1V),
except from pSCL1 whose fourth loop is shorter (15 nucleotides). The chromosome and the
megaplasmid pSCL4 telomeres exhibit the same secondary structures, which is to be
expected as the four loops carry exactly the same sequence, so we can consider that these
two replicons carry the same archetypal telomere. It is also noticeable how the secondary
structure of the pSCL2 telomere is highly similar to the S. coelicolor telomere, considering
their sequences are different. However, this is consistent with their high pairwise alignment
identity mentioned before. The telomeres of pSCL1 and pSCL3 are clearly distinct from the

rest and S. coelicolor telomeres, while still presenting the archetypal conformation.

In summary, these results show how S. clavuligerus DSM 738 carries four types of archetypal

telomeres, considering the chromosome and the megaplasmid carrying the same telomere.
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Figure 4.14. A: Alignment of the last 100 bp of the telomeres of S. clavuligerus chromosome and
plasmids and the chromosome of S. coelicolor showing the similarity in blue. B: Folded forms of the
telomeres showing a Clover Leaves structure. Palindromes are indicated in roman numerals.
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4.5 The read coverage depth indicates a higher copy number of pSCL2 and

lower copy number of pSCL4 and pSCL3 in reference to the chromosome.

Once the assemblies had been extended into the final complete sequences of the S.
clavuligerus DSM 738 genome, we constructed maps of the sequenced reads aligned to the
final assemblies, using the Illlumina MiniSeq and PacBio raw data. The Illumina reads map
presents full coverage of the genome by reads (Figure 4.15A) except for the last nucleotides
of each sequence end as described in section 4.3. In the case of the PacBio reads map, reads
align to the entire genome (Figure 4.15B), except for a few kb at the sequences ends, and
the pSCL1 sequence that presents low coverage by these PacBio reads. This generalised high
coverage of both lllumina and PacBio reads suggest a correct sequencing and assembly of
our final genome sequences. Moreover, it is noticeable that the read number appears to be
more consistent in the Illumina data than the PacBio across the genome, with only a few
points of significantly higher number of reads that correspond to ribosomal RNA coding
regions. Furthermore, the read number tends to increase at the middle of the sequence,
which is observable especially on the chromosome and pSCL4, and it is probably due to DNA
replication starting at the replicon centre, making these sequences more abundant than
those at the telomeres. In addition, these maps allow visualisation of the difference in read
coverage for each of the replicons. For example, the Illumina read coverage of pSCL4 and
pSCL3 is slightly lower than the chromosome read coverage while the pSCL2 coverage is more
than double of the chromosomes. A very similar pattern is observable on the PacBio reads
map. This difference in coverage suggests a diversity in replicon copy number in S.

clavuligerus mycelia.

In order to estimate the copy number of each replicon, the mean coverage depth was used
as a proxy. lllumina reads coverage was used as it is more homogenous than the PacBio data,
and the mean coverage was calculated individually for each molecule. The following mean
coverage values were obtained for each replicon: chromosome 55.91, pSCL4 30.86, pSCL3
39.56, pSCL2 139.9 and pSCL1 59.73. Considering the chromosome copy number as 1, the
replicon:chromosome ratio was calculated for each plasmid. pSCL4 shows an estimated copy
number of 0.55 and pSCL3 0.71 (Figure 4.16). These numbers suggest the possibility of an
inconsistent segregation of these two plasmids, and so, pSCL4 and pSCL3 might be less
abundant than the chromosome in some mycelial compartments. In addition, the

replicon:chromosome ratio of pSCL2 is 2.5, which implies that there are at least two copies
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Figure 4.15. Whole genome sequencing reads mapped to the final assembly (view from IGB) A: Reads
obtained from lllumina MiniSeq sequencing mapped to assembly B: Reads obtained from PacBio
sequencing mapped to assembly.
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Figure 4.16. Illumina MiniSeq sequencing reads mean coverage for each replicon
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of this plasmid per copy of chromosome. The calculated ratio of pSCL1 is 1.07, which suggests

a copy number of 1 in reference to the chromosome.

Overall, these results show how Illumina and PacBio read coverage maps confirm a correct
assembly of the genome of S. clavuligerus DSM 738. In addition, mean coverage depth
calculation allowed estimation of replicon copy number, suggesting a higher copy number of

pSCL2 and lower copy number of pSCL4 and pSCL3 in reference to the chromosome.

4.6 General characteristics and annotation of the genome of S. clavuligerus

DSM 738

In order to characterise the genome of S. clavuligerus DSM 738 and compare it to other
publications, a table of general characteristics for each one of the replicons was constructed
(Table 4.4). The first characteristic studied was the replicons sizes. The chromosome, with
6,748 Mb, is 263 bp larger than the chromosome sequence published by Hwang et al., 2019,
although this difference could be due to the lack of telomeres in the latter sequence. In
contrast, both industrial strains F613-1 and F1D-5 present larger chromosomes than DSM
738 Our sequence of pSCL4 is also slightly larger than the Hwang sequence (203 bp of
difference) and significantly larger than the pSCL4 in F613-1 and F1D-5. Furthermore, all the
replicons present a linear topology and a GC content of 70 to 72%, characteristic common

from Streptomyces chromosomes and plasmids.

Table 4.4. List of general characteristics of the genome of S. clavuligerus DSM 738.

Chrom pSCL4 pSCL3 pSCL2 pSCL1

Size (bp) 6,748,854 1,795,698 455,364 149,779 11,696
Topology linear linear linear linear linear
GC content (%) 72.7 71.9 70.8 70.1 71.9
Coding sequences 5,825 1,728 528 175 12
rRNA operons 18 0 0 0 0
tRNA genes 65 0 1 0 0
Putative biosynthetic gene clusters 25 17 1 0 0
Terminal inverted repeats length (bp) 293 194 1,597 413 917
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Moreover, the chromosome and plasmids of S. clavuligerus DSM 738 were uploaded to RAST
in order to obtain the annotations of each replicon. This resulted in identification of a total
number of 8,268 coding sequences. The chromosome carries 70% of the coding sequences,
pSCL4 the 21%, and pSCL3, pSCL2 and pSCL1 carry the 6, 2 and 0.15% of the coding sequences
respectively. In addition, 1,997 annotations subsystems (collections of functionally related
protein families) were identified that were distributed by their biological process as indicated
in Table 4.5. The chromosome carries 96% of these annotation subsystems, and pSCL4 the
4%. In addition, all the rRNA and tRNA necessary for primary metabolism were found on the

chromosome, as well as a putative tRNA gene on pSCL3.

Furthermore, in order to compare these annotations to other Streptomyces species, the
annotated genome of S. clavuligerus was uploaded into OrthoVenn2 and ortholog gene
clusters were identified between S. clavuligerus and all the available Streptomyces species in
OrthoVenn2: S. albus, S. avermitilis, S. bingchenggensis, S. cattleya, S. coelicolor, S.
fulvissimus, S. globisporus, S. griseus, S. lividans, S. rapamycinicus, S. scabiei. The OrthoVenn2
analysis resulted in 2,168 ortholog gene clusters shared between all the organisms (Figure
4.17). These conserved regions represent the core genome and, composed of 2,205 genes, it
is the 40% of the total genome of S. clavuligerus. In addition, in order to identify if the
plasmids contribute to the core genome, these genes were analysed and it was confirmed
that the megaplasmid pSCL4 presents 28 of these genes, while pSCL3 carries 3 core genes,
representing 1.3% and 0.14% of the core genome respectively. These 31 genes were
individually characterised, and it was observed that they code either hypothetical proteins,
proteins involved in secondary metabolism or they were genes with homologs on the
chromosome. These observations suggest that all the core genes involved on primary

metabolism are located on the chromosome.

Additionally, in order to obtain graphical representation of the annotated sequences, the
chromosome and plasmids sequences were uploaded to CGView Server. The circular graphs
of each replicon were constructed, indicating the coding sequences located on the forward

and reverse strands, RNA genes and GC skew (Figure 4.18)

96



Table 4.5. List of RAST annotation subsystems identified on each S. clavuligerus DSM 738 replicon.

Annotations Subsystems Chrom pSCL4 pSCL3 pSCL2 pSCL1
Amino acids and derivatives 377 15 3 0 0
Carbohydrates 293 9 0 0 0
Protein metabolism 214 2 3 0 0
(;iogf;(::trss, vitamins, prosthetic groups, 187 0 0 0 0
Fatty acids, lipids and isoprenoids 160 0 0 0 0
Respiration 109 1 0 0 0
Nucleosides and nucleotides 96 3 0 0 0
DNA metabolism 87 0 4 0 0
Membrane transport 43 7 0 0 0
Stress response 43 0 0 0 0
RNA metabolism 40 2 0 0 0
Virulence, disease and defence 38 3 0 0 0
Phosphorus metabolism 34 0 0 0 0
Iron acquisition and metabolism 34 0 0 0 0
Cell wall and capsule 31 15 0 0 0
Regulation and cell signalling 24 2 0 0 0
Metabolism of aromatic compounds 17 4 0 0 0
Secondary metabolism 15 0 0 0 0
Potassium metabolism 12 0 0 0 0
Dormancy and sporulation 11 0 0 0 0
Nitrogen metabolism 10 0 0 0 0
Sulphur metabolism 8 8 0 0 0
Zlarﬁz:tsrophages, transposable 3 0 0 0 0
Miscellaneous 27 3 0 0 0
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Figure 4.18. Schematic representation of the genome of S. clavuligerus DSM 738. Chromosome and
plasmids sequences presented as circles (dark grey). The coding sequences (CDS) of the forward and
reverse strains are presented in blue at each side of the sequence. The concentric circle presents the
GC skew in green (positive skew) and purple (negative skew). Not to scale.
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Finally, we characterised the length of the terminal inverted repeats of each replicon. To
obtain this, the first 10 kb of each end of the sequences were aligned to the reverse
complementary sequence of the last 10kb. The first and last 239 bp of the chromosome
sequence exhibit a 93.27% similarity. At the same time, the first and last 194 bp of pSCL4
show a sequence identity of 96.39%. Although a second section of the pSCL4 ends shows
similarity beyond these 194 bp, it is not included on the TIR as it is not contiguous, and the
nucleotide identity is low (62%). In the case of pSCL3, the high sequence similarity of 99.50%
was found between the first and last 1,597 bp of the sequence. Moreover, the first and last
413 bp of the pSCL2 sequence have a sequence identity of 99.03%. Lastly, the alignment of
the ends of the pSCL1 sequence shows a of 99.24% similarity between the first and last 917
bp of the sequence. These results are illustrated on the Figure 4.19, exhibiting the alignment
of the first and last 2,000 bp of each sequence. In summary, we report the TIR length of the
S. clavuligerus replicons: chromosome 239 bp, pSCL4 194 bp, pSCL3, 1,597 bp, pSCL2 413 bp
and pSCL1 917 bp. Considering Streptomyces TIR have been reported to range from a few bp
(14 bp in the case of S. hygroscopicus) to over 1 Mb (1.06 Mb in S. coelicolor), S. clavuligerus

replicons carry relatively short TIRs.

4.7 The genome of S. clavuligerus carries 43 putative biosynthetic gene

clusters, 17 of them are located on the megaplasmid.

In order to investigate the gene clusters responsible for the biosynthesis of secondary or
specialised metabolites on the genome of S. clavuligerus DSM 738, the sequences of the
chromosome and plasmids were processed using antiSMASH 5.0. A total number of 43
biosynthetic gene cluster were identified in the genome of this strain, located on the

chromosome, megaplasmid pSCL4 and pSCL3.

Twenty-five biosynthetic gene clusters were predicted for the chromosome of S. clavuligerus
(Table 4.6). The position of these clusters on the sequence is illustrated on Figure 4.20, which
shows how more than half of the clusters are located on the right arm of the chromosome,
and only five of the predicted clusters lie on the core region. These predicted biosynthetic
gene clusters include five polyketide-like (PKS) clusters, such as cluster 23, identified as the
naringenin cluster; cluster 1 that has 72% similarity to a cluster found in S. varsoviensis; and

cluster 18 whose polyketide motif shares similarity to a spore pigment cluster in S. avermitilis.
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Figure 4.19. Easyfig alignments of the first 2,000 bp and the last 2,000 bp (reverse complement) of
each S. clavuligerus replicon. Nucleotide identity is presented in dark blue and red (inverted sequence)
which represent the terminal inverted repeats of each sequence.
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Table 4.6. List of putative biosynthetic gene clusters of the S. clavuligerus DSM 738 chromosome
predicted by antiSMASH 5.0. TXPKS: Type-X Polyketide synthase, NRPS: Non-ribosomal peptide

synthetase.
Cluster Type Position in sequence Most similar cluster Similarity
From To

T1PKS 539 94,685 JBIR-100 72%
2 Terpene 222,299 243,465 Geosmin 100%
3 Efyﬁ:’olactone 599,820 682,423 ?hcs)r(;:ictir;(lj)\-ﬂzfl-?:gr:-);y-jne 24%
4 Ectoine 1,314,476 1,324,901 Ectoine 100%
5 Siderophore 2,305,381 2,315,785 Desferrioxamin B 100%
6 NRPS 2,672,295 2,719,118
7 Butyrolactone 2,725,599 2,736,561 Lactonamycin 3%
8 Lanthipeptide 2,889,407 2,913,738
9 B-lactam 3,427,743 3,446,127 :\'{Z’:‘(’)';';;’Z% Tc'lavam 75%
10 Melanin 4,506,239 4,516,673 Melanin 100%
11 NRPS, B-lactam 4,835,754 4,886,296 Cephamycin C 89%
12 Nucleoside 4,944,602 4,965,279 Tunicamycin B1 85%
13 Lanthipeptide 5,069,285 5,093,158
14 T1PKS, NRPS 5,149,875 5,203,445 Kanamycin 1%
15 Siderophore 5,446,264 5,455,958
16 NRPS 5,506,790 5,582,877 A-201A 15%
17 Bacteriocin 5,695,620 5,706,993
18 E::(hsilpeptide 5,728,686 5,822,210 Spore pigment 83%
19 NRPS 6,019,077 6,062,698
20 Terpene 6,143,358 6,169,923 Hopene 69%
21 NRPS 6,177,505 6,226,737 Holomycin 100%
22 NRPS 6,239,865 6,293,694 Nucleocidin 43%
23 T3PKS 6,429,141 6,470,196 Naringenin 100%
24 I‘igl’(es"e' NRPS, 6,572,023 6,670,695 Heat-stable antifungal factor 75%
25 Siderophore 6,722,894 6,736,462

I'EE 1 | | I 0 ; ] IED I[Isl:I II}I ?D :-I EI I:I:[E
: : i & 10 2 14 o1 mm o

Figure 4.20. Graphical representation of the S. clavuligerus DSM 738 chromosome indicating the 25

putative biosynthetic gene clusters and their location on the sequence. Obtained from antiSMASH 5.0.
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Moreover, five clusters were identified as Non-ribosomal peptide-like (NRPS) clusters, which
includes cluster 21, which was identified as the holomycin cluster. Two terpene-like clusters
were predicted, the geosmin (cluster 2) and hopene (cluster 20) clusters, which are common
in Streptomyces species genomes. In addition, cluster 24 carries terpene, polyketide and non-
ribosomal peptide-like motifs, and exhibits 75% similarity to a heat-stable antifungal factor
previously found in Lysobacter enzymogenes. Additionally, other clusters common to
streptomycetes genomes were found on S. clavuligerus, like the ectoine (cluster 4),
desferrioxamin B (cluster 5) and melanin (cluster 10) clusters. Another interesting cluster is
the number 12, which is predicted as a nucleoside-coding cluster with 85% similarity to the
tunicamycin B1 cluster in Streptomyces chartreusis. Finally, two beta-lactam clusters were
identified; the cluster 9 was identified as an alanylclavam and cluster 11 as the cephamycin
C cluster. However, it was noticed that cluster 11 is, in fact, the clavulanic acid-cephamycin
Csupercluster. The blast of this supercluster against the individual cephamycin and clavulanic

acid cluster is illustrated in Figure 4.21.

Seventeen biosynthetic gene clusters were identified on the sequence of the megaplasmid
pSCL4 (Table 4.7). These clusters, unlike the ones on the chromosome, are dispersed across
the entire plasmid sequence (Figure 4.22). The first two clusters on pSCL4 were identified as
the terpenes (+)-T-muurolo (cluster 1) and (-)-6-cadinene (cluster 2). In addition, seven more
clusters carry terpene-like motifs, such as cluster 6 that has 100% similarity to the
lanthipeptide venezuelin cluster from S. venezuelae. Furthermore, three of those clusters (7,
9 and 16) also carry NRPS-like motifs but show low similarity to previously described
specialised metabolite clusters. Two more clusters exhibit NRPS motifs (15 and 17) and three
clusters also show Type-1PKS-like sequences (9, 14 and 15), but were not identified as other
known metabolite clusters. Nevertheless, cluster 11 shows 82% similarity to the alkaloid
staurosporine; and cluster 10, that was identified as a beta-lactam cluster, and has 100%
similarity to an alanylclavam cluster. Interestingly, this beta-lactam cluster carries four genes

identical to ones located on the clavulanic acid cluster on the chromosome.

Only one biosynthetic gene cluster was identified on the sequence of pSCL3 (Table 4.8),
which is located at the left arm of the replicon (Figure 4.23). This cluster is composed by a
terpene and a nucleoside motif. Three of the genes (18%) are identical to genes located on
the pseudouridimycin biosynthetic gene cluster. Furthermore, no biosynthetic gene clusters

were predicted from the pSC2 and pSCL1 sequences.
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Query sequence

IEaE b DeEaSEsEEOee——————————— T 4Ed Seaed e T
BGCO000319: cephamyvein C (9% of genes show similanty), WEP Beta-lactam

BT @ 4@ el e T 00

BGCO000343: clavulanic acid (82% of genes show similarity), Other:Non-WNEP beta-lactam
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Figure 4.21. Blast of cluster 11 identified on the S. clavuligerus DSM 738 chromosome (query sequence) against the known clusters of cephamycin C

and clavulanic acid. Obtained from antiSMASH 5.0.
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Table 4.7. List of putative biosynthetic gene clusters of the S. clavuligerus DSM 738 megaplasmid
pSCL4 predicted by antiSMASH 5.0. T1PKS: Type-1 Polyketide synthase, NRPS: Non-ribosomal

peptide synthetase.

Position in sequence

Cluster Type Most similar cluster Similarity
From To
1 Terpene 77,916 96,721 (+)-T-muurolol
2 NRPS, terpene 256,145 334,825 (-)-6-cadinene
3 Lassopeptide 390,959 413,425
4 Terpene 473,406 492,468 Cyslabdan 18%
5 Indole, NRPS-like, ¢/ 317 599,353 Abyssomicin 9%
terpene
6 Terpene, 644,157 670,992  Venezuelin
lanthipeptide
7 Terpene 800,625 821,214
Butyrolactone 861,688 872,620
Amglyccycl, terpene, . o
9 T1PKS, NRPS 1,026,159 1,096,055 Daptomycin 7%
Alanylclavam/ 2-
10 B-lactam 1,142,939 1,164,522 gydmxymethy'c'a"am/
formyloxymethylclavam
11 Indole 1,199,889 1,223,506 Staurosporine 82%
12 Bacteriocin 1,229,798 1,241,792
13 Terpene 1,286,367 1,328,530 Primycin 5%
14 Melanin, T1PKS 1,334,288 1,386,273 Neocarzinostatin 15%
15 NRPS-like, TlPKS.' 1,392,562 1,557,852 Maduropetin 30%
phosphoglycolipid
16 Terpene, NRPS 1,594,575 1,656,337 Rapamycin 7%
17 NRPS-like 1,668,990 1,713,063 Indigoidine 40%
1 3 5 T 9 1 13 15 1lT
N s R T O e I m o o O Of s Comm
2 < & & 10 12 14 18

Figure 4.22. Graphical representation of the S. clavuligerus DSM 738 pSCL4 indicating the 17 putative

biosynthetic gene clusters and their location on the sequence. Obtained from antiSMASH 5.0.
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Table 4.8. List of putative biosynthetic gene clusters of the S. clavuligerus DSM 738 plasmid pSCL3
predicted by antiSMASH 5.0.

Position in sequence

Cluster Type Most similar cluster Similarity
From To
1 Terpene, nucleoside 62,948 103,867 Pseudouridimycin 18%
1
| E—

Figure 4.23. Graphical representation of the S. clavuligerus DSM 738 pSCL3 indicating the putative
biosynthetic gene cluster and its location on the sequence. Obtained from antiSMASH 5.0.
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Overall, these results show how the chromosome carries 58% of the biosynthetic gene
clusters, including the cephamycin-clavulanic acid supercluster, and the clusters encoding
holomycin, naringenin, tunicamycin-like metabolite and a beta-lactam molecule. At the same
time, pSCL4, with 40% of the biosynthetic gene clusters, carries genes related to the synthesis
of interesting compounds such as venezuelin, staurosporine and another beta-lactam

metabolite.

4.8 Whole genome sequence comparison suggest S. clavuligerus DSM 738

carries the same chromosome and megaplasmid as the ATCC 27064 Strain.

In order to study the genome sequence synteny between S. clavuligerus DSM 738 strain and
the other published strains with closed sequences, alignments and dot plots were
constructed against the type strain ATCC 27064 (Hwang et al., 2019) and the industrial strains
F613-1 and F1D-5 (Cao et al., 2016).

Comparison to the ATCC strain is illustrated on Figure 4.24. A Mauve alignment was
constructed that shows full consensus of the chromosome and megaplasmid pSCL4 between
both strains (Figure 4.24A). This is again confirmed on the dot plots constructed individually
for each replicon (Figure 4.24B). At a nucleotide level, the major difference between the
chromosome sequences is the lack of the telomeric sequences on the ATCC strain, more
specifically, this strain is missing the first 126 bp and the last 129 bp from the sequence.
Beyond the telomeres, only nine inconsistencies are observed between both chromosome
sequences, seven of them are single nucleotide substitutions, one is an insertion of 1
nucleotide on the ATCC sequence, and the last variation is the deletion of 6 nucleotides on
the ATCC chromosome. All these inconsistencies were checked on our BAM files and it was
confirmed that these differences of the chromosome published by Hwang et al. do not match
our sequencing data and so, they could be due to sequencing errors or polymorphisms
between strains. In the case of pSCL4, the ATCC sequence (published as pCLA1 plasmid) is
also missing both telomeres, 145 bp and 130 bp at the left and right arm respectively. In
addition, 282 nucleotides mismatches were found between sequences, of which 19 were

gaps or insertions.
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Figure 4.24. Comparison of the genomes of S. clavuligerus DSM 738 and ATCC 27064 (Hwang et al.,
2019) strains. A: Mauve alighment of the genome sequences of DSM 738 and ATCC 27064 strains. B:
D-GENIES dot plots of chromosome and pSCL4 sequences alignments.
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The chromosome and megaplasmid sequences of S. clavuligerus DSM 738 were also
compared to the industrial strains F613-1 and F1D-5. Unlike the ATCC strain, these strains do
not show full consensus to the DSM 738 sequences (Figure 4.25). In the case of the
chromosome sequences, the major difference is shown on both the alignment and dot plots,
which is an insertion of 130 kb on the industrial strains at the right arm. Many other
inconsistencies are visualised on the alignments, some of them are shared between the
industrial strains which suggest these two strains might belong to the same evolutionary
lineage. When comparing the megaplasmid sequences, it is observable that the F613-1
sequence is missing 744 kb and 389 kb at the left and right arm respectively, in reference to
DSM 738. The pSCL4 sequence of the F1D-5 strain shows consensus to a combination of
material from the DSM 738 and F613-1 sequences, which suggest an incorrect assembly of

the F1D-5 megaplasmid sequence.

In summary, these results show that S. clavuligerus DSM 738 and ATCC 27064 chromosome
sequences are almost identical, while the pSCL4 sequences are highly similar. In contrast the

industrial strain F613-1 and F1D-5 show lower similarity to the DSM 738 strain.

4.9 The genetic architecture of S. clavuligerus suggests chromosomal gene

complementation by plasmids.
In order to study the phylogeny of S. clavuligerus DSM 738 in reference to other Streptomyces
species, a multi-locus sequence analysis tree was constructed and contrasted to the genetic

architecture of each genome.

In order to construct the tree, the following 14 Streptomyces species were chosen to be
compared to S. clavuligerus: S. ambofaciens ATCC 23877, S. avermitilis MA-4680, S.
bingchenggensis BCW-1, S. coelicolor A3(2), S. collinus Tu 365, S. glaucescens GLA.O, S.
hygroscopicus subsp. jinggangensis 5008, S. lavendulae subsp. lavendulae CCM 239, S.
leeuwenhoekii C34, S. lividans TK24, S. malaysiensis DSM 4137, S. parvulus 2297, S. rochei
7434AN4 and S. scabiei 87.22. These strains were selected as they all exhibit complete
genome sequences and carry archetypal telomeres. The chromosome sequences of these
strains were processed by autoMLST, which compares the sequences of housekeeping genes

producing a phylogenetic tree.

109



A Chromosome

pSCL2

pSCL4 pSCL3
500000 1000000 1500000 2000000 2500000 3000000 3500000 4000000 4500000 5000000 5500000 6000000 6500000 7000000 7500000 8000000 8500000  90000C
‘ , R ' | ]
‘ |
© ‘ |
o0
~
7]
Q
)w"_f__{_( 2z
500000 __1005000——t500000 2000000 2500000 300bo0§  350B000 4000000  450b000 5000000 5506000  600f000 65 ==7000000" 7}
T 1 1§ T I i T 1 I
( |
-
T
)
-
©
L] —— e
———— %7
e | A\
—_— NN
500000 1000000 1500000 2000000 2500000 mbnoc{ 3500000 4000000 4500000 5000000  5500000— 6000000 @H0000 700D08%)/ 7500088\
¥ T T 5 e | T Y ] Y { ‘
| |
}¢
3 J
=
& | \
B DT3RS
DT Chroiastine i
St Ambsin $SCLE alche
= S
S =
|—l| =
R E:
Lo -
o 3
Ww - 2
| 2k =
= 2y =
3 £: E
(o) it
o = : 3-
N F ¢
= -
a ;
x =
§_ 1=
, | , , | , | | | [ | |
O Y PR A VR Y THEC MEAK BBTK TBAK @0AK W 1AM 14F 6l
DIMTECivorosting DSMTaERSCLE
e s dre LSCLS fraldng
&M B
= 5
3 z
mn _ =
e - 5_
W = g 3
| i
o - = ]
o = = E
N o= 5
s - 3
) =
o - 2
g £
1 I | I | I I | I I | ]
BHEA4 15N M 2IM LV M LTM A4k BN HEL MK BNTK TIBIK AR 1M 13M 14K TEM

Figure 4.25. Comparison of the genomes of S. clavuligerus DSM 738 and the industrial strains F613-1

and F1D-5 strains (Cao et al., 2016). A: Mauve alignment of the genome sequences of the three strains.

B: D-GENIES dot plots of chromosome and pSCL4 sequences alignments.
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The obtained tree shows the 15 strains distributed in three main clades (Figure 4.26). The
chromosome of S. clavuligerus is clustered together with S. lavendulae, S. malaysiensis and
S. bingchenggensis. Furthermore, in order to compare the genetic architecture of all these
species, genome diagrams were created for each strain containing the chromosome and
plasmids exhibiting key genes (Figure 4.26). Only linear plasmids carrying archetypal
telomeres were included, so plasmids such as S. coelicolor SCP1 with non-archetypal
telomeres were excluded. Seven genes were shown on these diagrams: the housekeeping
genes dnaA and recA (Jakimowicz et al., 1998; Muth et al., 1997), the genes coding the
partitioning proteins ParA and ParB (Donczew et al., 2016), the genes coding the terminal
proteins Tap and Tpg, and the ttrA gene that codes a helicase-like protein thought to be
involved in conjugal transfer of linear chromosomes and plasmids (Huang et al., 2003). All
the chromosomes exhibited the presence of the genes dnaA, recA, parA and parB, showing
a similar pattern of the position and orientation of dnaA and partitioning genes parA and
parB, while the recA is located either upstream (4 strains) or downstream (11 strains) of
dnaA. The terminal protein-coding genes tap and tpg are found in all the chromosomes
except from S. clavuligerus, S. lavendulae, S. bingchenggensis, S. rochei and S. parvulus. In
addition, all the chromosome sequences present two copies of ttrA at the sequence ends,
except from S. lavendulae, S. malaysiensis and S. glaucescens that carry one copy, and S.
clavuligerus, S. bingchenggensis and S. parvulus chromosomes that carry no copies of ttrA. In
the case of the plasmids, all of them carry copies of parA and parB except from S. clavuligerus
pSCL3 and pSCL1, where only homologs of parA were found. Similarly, all the plasmids carried
copies of tap and tpg, except from S. clavuligerus pSCL1 that has no copies of tap and tpg and
S. lividans SLP2 that shows two copies of tpg. In addition, all the plasmids except from pSCL1

carry at least one copy of ttrA.

Overall, these results suggest there is little correlation between phylogeny and genetic
architecture, as organisms phylogenetically similar show very different genetic architecture.
Furthermore, with these results, it is noticeable that some strains lacking important genes
on the chromosome, still carry them on plasmids which is the case of S. clavuligerus, S. rochei
and S. parvulus, which suggest complementation of these genes by plasmids on these strains.
Moreover, the lack of key genes in S. clavuligerus chromosome and some of the plasmids

suggest complementation between plasmids as well.
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Figure 4.26. AutoMLST tree of 15 different Streptomyces strains (left), and their genetic architecture of the chromosome and plasmid sequences. Not to scale.
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4.10 Summary

With these results, we report the achievement of the complete genome sequence of S.
clavuligerus DSM 738. We confirm that combination of Illumina and PacBio sequencing
technologies obtains good quality de novo assemblies of Streptomyces chromosomes and
linear plasmids. However, automated complete assembly can still be improved for
streptomycetes genomes, as a manual component is still necessary. This is proven
particularly essential for terminal inverted repeats, given that common assembly tools fail to
differentiate between these large sequence repeats at each end of Streptomyces replicons.
This was observable on all our replicon assemblies, as one of the ends of the assembled
sequence was very close to the end while the other one was missing >100 bp. This is
particularly significant on replicons with larger TIRs such as pSCL3, that was lacking 1.5 kb at
one end, while replicons with shorter TIRs such as pSCL4 was missing up to 133 bp. This is an
important point to take into account when performing de novo assembly of streptomycetes
genomes, considering TIR length can reach values higher than 1Mb (Weaver et al., 2004) and

much material could be ignored.

Our results are consistent with the hypothesis that PacBio sequencing yields higher quality
assemblies on actinobacterial genomes (Shin et al., 2013), given that only by utilising PacBio
reads, it was possible to obtain a contig with almost the entirety of the S. clavuligerus
chromosome. In contrast, it was observed on our data that lllumina reads got closer to the
sequence ends and obtained a more homogenous read depth than PacBio reads. This
evidenced the necessity of combining both technologies for complete genome sequencing of
Streptomyces strains. However, it was also evidenced the limitation of lllumina sequencing
to obtain the last bp of the sequences. This could be due to unavailability of the ends to link
to sequence adapters during library preparation, since DNA fragmentation and tagging is
done by transposomes, which leaves the ends untagged. This emphasises the importance of

utilising physical methods to obtain the sequences ends.

The self-ligation method proved successful for purifying the ends of S. clavuligerus
chromosome and plasmids. This could be extrapolated to other actinobacterial linear
sequences and be considered the simplest most effective method for telomere identification.
However, we have identified a few limitations of this methodology. Firstly, it is necessary to
have sequence data close to the telomeres, in order to be able to design primers and amplify

the unknown material. In addition, restriction sites could be present on the unknown
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sequence that would hinder amplification of the telomeres; this was the case we
encountered when purifying the ends of other Streptomyces species, nevertheless, this

allowed extension of sequence and new primers were designed that amplified the telomeres.

Our results confirm the presence of four different types of archetypal telomeres on S.
clavuligerus, considering the chromosome and megaplasmid carry the same telomere. These
data correlate to our Southern blot analysis, where the chromosomal telomere probe
hybridised to many bands of different intensities. Having now all the telomeric sequences of
the organism, we can identify strong bands corresponding to both ends of the chromosome,
and to both ends of the megaplasmid. Fainter bands could represent partial hybridisation of
the probe to other telomeres. The fact that chromosome and megaplasmid share the same
telomere could be linked to the theory proposed by Medema et al., 2010, that the
megaplasmid originated from recombination events of chromosomal material. Moreover, a
similar case has been reported for other streptomycetes, such as S. rochei, whose
chromosome carries the same telomeres as the plasmids pSLA2-L and pSLA2-M (Nindita et
al., 2015). In addition, our results indicate that the telomeres of pSCL2 are significantly more
similar to phylogenetically distant Streptomyces species, which suggest this plasmid could
have originated from conjugal transfer from a different species. In general, our observations
confirm that S. clavuligerus carries a high diversity of telomeres, never seen on the same

actinobacterial organism before.

Furthermore, with this work we propose that read coverage depth can be used to estimate
the plasmid copy number in reference to the chromosome coverage. Calculation of mean
coverage depth values resulted in a copy number of >2 for pSCL2, while a value of <1 for
pSCL4 and pSCL3 and copy number of 1 for pSCL1 in reference to the chromosome. These
values are relatively low, considering a copy number of 7 per chromosome was estimated for
S. coelicolor A3(2) plasmid SCP1 (Yamasaki et al., 2003), or 60 for plasmid pSLA2-S in S. rochei
(Hirochika and Sakaguchi, 1982). However, it is important to mention that these values were
calculated by electrophoresis analyses and these two plasmids are smaller than pSCL3 and

considerably smaller than pSCLA4.

Our sequence comparison analyses confirm that the chromosome sequences of DSM 738
and ATCC 27064 strain are almost identical, and that the megaplasmid sequences of both
strains are highly similar. In addition, even though no sequences for pSCL3, pSCL2 and pSCL1

were included on the ATCC 27064 sequence publication by Hwang et al., 2019, evidence of
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the presence of these plasmids in the ATCC strain has been published previously (Song et al.,
2010; Huang et al., 1998; Wu and Roy, 1993). Since the DSM 738 sequence was obtained
independently from the ATCC 27064, we hypothesise that that these S. clavuligerus strains

are potentially the same strain, and the ATCC genome sequence is simply incomplete.

Genome annotation allowed identification of 8,268 coding sequences, which is the highest
number of genes for the S. clavuligerus type strain observed to date. Ortholog genes
identification within different species of Streptomyces resulted in a core genome that
represents 40% of the S. clavuligerus genome. This correlates with studies that state the core
genomes of streptomycetes being the 33%-45% of the whole genome (Zhou et al., 2012). We
also identified that all the core genes involved in primary metabolism are encoded on the

chromosome, fact that is consistent with the observations made by Medema et al., 2010.

AntiSMASH analyses identified a total number of 43 putative biosynthetic gene clusters on S.
clavuligerus DSM 738. 25 of these were identified on the chromosome. As expected, these
included the cephamycin-clavulanic acid supercluster, as well as other clusters of metabolites
previously proven to be produced by S. clavuligerus, such as holomycin, tunicamycin and
naringenin (Li and Walsh, 2010; Chen et al., 2010; Alvarez-Alvarez et al., 2015). 17 putative
biosynthetic gene clusters were predicted from the megaplasmid sequence, these include a
B-lactam cluster that was identified by Southern blotting before knowing of the existence of
the megaplasmid, and was referred to as a clavulanic acid paralogous cluster, as it shares
early genes involved in the biosynthesis of clavulanic acid and so, it probably encodes the
production of another B-lactam antibiotic (Tahlan et al., 2004). In addition, several unknown
biosynthetic gene clusters were identified as unique to S. clavuligerus, that shows a variety
of motifs such as NRPS, PKS, lanthipeptides and terpenes, that exposes the metabolic
potential of this organism. When comparing these results to the transcriptomics data
published by Hwang et al., 2019, we can identify all our predicted clusters on their work,
while they split some of the clusters predicted by antiSMASH into individual clusters summing
up to 58 clusters, 45 of which were confirmed to be expressed at early exponential growth
phase. This transcription levels could be extrapolated to our organism until proven

differently.

Characterisation of key genes allowed us to confirm the theory proposed by Medema et al.,
2010, that stated a lack of tap and tpg genes on the S. clavuligerus chromosome, while being

present on the megaplasmid pSCL4. Moreover, we confirm the presence of tap and tpg genes
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on the plasmids pSCL3 and pSCL2 as well. Since the chromosome must rely on the terminal
proteins coded by at least one of these plasmids, we hypothesise that chromosome and
megaplasmid utilise the same terminal proteins for telomere replication, given they carry
almost identical telomeres. Chromosomal telomeres maintained by plasmid proteins have
been reported before in Streptomyces species, like the case of S. rochei (Nindita et al., 2015).
Similarly, the telomeres of pSCL1 must be maintained by the proteins encoded on the other

plasmids, like the case of pSLA2-S in S. rochei.

Furthermore, we report the absence of the ttrA gene from the S. clavuligerus chromosome,
while copies were found on pSCL4, pSCL3 and pSCL2. The TtrA helicase was shown to be
important for chromosome transfer during conjugation in S. lividans (Huang et al., 2003),
however its specific mechanism is still uncharacterised and complementation of

chromosomal TtrA activity by plasmids is yet to be proved.
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5. THE TERMINAL PROTEINS OF S. CLAVULIGERUS

Terminal proteins (TPs) were named for their role of capping the ends of linear DNA
molecules by covalently attaching to the termini. They were first identified in Bacillus subtilis
phage $29, where they are necessary for recruiting the DNA polymerase and subsequent full-
length phage DNA synthesis by strand displacement (Salas et al., 1978; Salas, 1991). This
protein-primed DNA replication by terminal proteins was also observed in adenoviruses (van
der Vliet, 1995). In the case of Streptomyces, terminal proteins were first identified in the
linear plasmids pSLA1 and pSLA2, as it was observed that plasmid DNA exhibited no
electrophoretic mobility when omitting the proteinase treatment during plasmid
puirification (Hirochika and Sakaguchi, 1982). Similarly, terminal proteins attached to the
ends of chromosome sequences were first confirmed in S. lividans by PFGE of proteinase-
untreated DNA (Lin et al., 1993). However, unlike phage $29 and adenoviruses, DNA
replication in Streptomyces has an internal origin and extends newly synthesised strands in a
bidirectional manner, which implies that the terminal proteins have a different biological role
in streptomycetes (Chang and Cohen, 1994; Musialowski et al., 1994). It was then proposed
that terminal proteins in Streptomyces were involved in replication of telomeres by patching

the single stranded 3’ end overhang (Qin and Cohen, 1998).

Characterisation of the terminal protein Tpgin S. rochei and S. lividans was first done by Bao
and Cohen, 2001, where they identified a helix-turn-helix motif similar to the DNA-binding
thumb of the human immunodeficiency virus reverse transcriptase, which could be
responsible for protein-primed DNA synthesis. In addition, Tpg encoded on the S. coelicolor
chromosome was sequenced and an amphiphilic B-sheets domain was identified, along with

the DNA-binding motif, which implied a protein-protein interaction (Yang et al., 2002).

Immediately upstream of tpg, another conserved gene was identified, tap, whose translation
product includes another helix-turn-helix motif. The Tap protein was characterised by Bao
and Cohen, 2003, and they reported specific binding of Tap to single-stranded telomeric
sequences by electrophoretic mobility shift assay, and more specifically binding to the
second and third palindrome of the S. rochei pSLA2-S telomere. In addition, they confirmed
a Tap-Tpg interaction by immunoprecipitation and yeast two-hybrid analysis. These
experiments suggested the role of Tap in interacting with telomeres and recruiting Tpg for

subsequent end patching.
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The tap-tpg operon is usually located toward the end of chromosome and plasmid sequences
and its conserved products denominate archetypal terminal proteins. Non-archetypal
terminal proteins have been identified, such as the TPs that cap the non-archetypal
telomeres of the S. coelicolor plasmid SCP1, named Tac and Tpc (Huang, Hsiu H. Tsai, et al.,

2007).

In the case of S. clavuligerus, the terminal proteins have never been studied, and they have
received little mention in the literature, only the fact that the chromosome lacks the tap and
tpg genes (Medema et al., 2010). In this chapter we focus on the characterisation of the
terminal proteins of S. clavuligerus DSM 738, knock out of the tap-tpg operon from pSCL4

and study the interactions between the different sets of proteins.

5.1 Characterisation of three sets of terminal proteins in the genome of S.
clavuligerus.

Annotation analyses of the complete genome sequence of S. clavuligerus DSM 738 allowed
identification of three sets of tap-tpg operons, located on pSCL4, pSCL3 and pSCL2. These
were confirmed by RAST blast of the Tap and Tpg amino acid sequences from the S. coelicolor
chromosome against the whole S. clavuligerus genome (Figure 5.1A). The tap-tpg operon is
located on the central part of pSCL4, while in the case of pSCL3 and pSCL2, it is positioned
towards the end of the replicons (Figure 5.1B). Comparison to other Streptomyces
chromosomes and plasmids revealed that pSCL4 is the only case of a centrally located tap

and tpg in complete chromosome and plasmid sequences.

In order to characterise the amino acid sequences of these three TP sets in S. clavuligerus,
alignments were constructed using the S. coelicolor chromosome sequences as reference.
The alignment of the Tap amino acid sequences is illustrated on Figure 5.2. This alignment
exhibits many regions of high conservation between the four sequences, this is particularly
visible among the first 86 aa, and the last 574 aa in reference to the S. coelicolor Tap
sequence. The Tap sequence from pSCL2 (2Tap) shows a 74% identity to the S. coelicolor
sequence, while the Taps from pSCL4 (4Tap) and pSCL3 (3Tap) exhibit 48 and 44% identity to
the reference respectively. Furthermore, the shared identity among the Tap sequences of
the three plasmids is between 42% and 50%. The helix-turn-helix motif observed in

archetypal Tap sequences was identified on our alighment, this region presents a residue
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Figure 5.1. The three tap-tpg operons in S. clavuligerus. A: S. coelicolor chromosome tap and tpg
homologs found on pSCL4, pSCL3 and pSCL2. Graphs obtained from RAST. B: Graphical representation
of the location of the tap-tpg operon on Streptomyces chromosomes and plasmids. Not to scale.
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Figure 5.2. Alignment of Tap amino acid sequences from pSCL4, pSCL3, pSCL2 and S. coelicolor chromosome. Consensus highlighted in yellow and
conservation indicated in coloured blocks (red: high, blue: low). The helix-turn-helix domain is indicated by a green box.
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conservation of 21% among the four sequences, while this value increases to 41% when
looking at the conservation between pSCL4, pSCL2 and S. coelicolor Tap sequences alone. In
addition, the Tap amino acid sequences were analysed through secondary structure
prediction servers (InterPro and ExPASy) and the same helix-turn-helix motif was identified
on the pSCL4, pSCL2 and S. coelicolor Tap proteins. In contrast, no helix-turn-helix domain

was predicted for the pSCL3 Tap sequence.

Another alignment was constructed using the four Tpg amino acid sequences (Figure 5.3).
This alighnment shows a high level of conservation between the four sequences. Similar to the
Tap proteins, the pSCL2 Tpg (2Tpg) shows higher identity to the S. coelicolor sequence (72%),
than the pSCL4 (4Tpg) and pSCL3 (3Tpg) proteins, which present a shared identity of 50% and
43% to S. coelicolor respectively. In addition, Tpgs of the three plasmids share an identity
lower than 50% between each other. The helix-turn-helix (H-T-H) motif was identified on the
alignment, based on literature, including the HIV reverse transcriptase motif. This H-T-H
domain shows conserved regions among the four sequences, however, the 3Tpg carries 6
extra residues in the central section of the motif. The amphiphilic B-sheet is also identified
on our alignment, where high conservation is observable among the four sequences.
Furthermore, motif prediction servers identified the helix-turn-helix domain in the 2Tpg
sequence, which extended the motif 16 residues further. In contrast, no domains were

predicted for the 3Tpg, 4Tpg and S. coelicolor Tpg protein sequences.

Moreover, in order to compare the amino acid sequences of the Tap and Tpg proteins from
S. clavuligerus plasmids to other Streptomyces archetypal terminal proteins, we constructed
a maximum likelihood phylogenetic tree per protein using protein sequences from 16
streptomycete chromosomes and 13 plasmids. The obtained trees are presented on Figure
5.4. The Tap proteins tree is divided in three main branches. The three S. clavuligerus Tap
proteins are located on each of these main branches. The 3Tap is clustered together with the
protein of S. lavendulae plasmid, while 4Tap is located on a clade carrying Taps from S.
cineoruber, S. dengpaensis and S. anulatus. On the other hand, 2Tap shows higher similarity
to proteins from Streptomyces sp. FR1, S. coelicolor and S. lividans. In the case of the Tpg
proteins tree, it is also divided in three main clades, however, the 3Tpg and 4Tpg proteins are
clustered on the same branch this time, while the 4Tpg protein is still more similar to Tpgs

from S. cineoruber, S. dengpaensis and S. anulatus. Similarly to the Tap proteins tree, 2Tpg i
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more similar to proteins of organisms phylogenetically distant to S. clavuligerus, such as S.
coelicolor, S. avermitilis or S. hygroscopicus. Moreover, both the Tap and Tpg phylogenetic

trees exhibit a similar clustering pattern.

In conclusion, the high conservation of the three sets of Tap and Tpg in S. clavuligerus to
those encoded on the S. coelicolor chromosome suggests that these plasmid proteins are
required for end-patching of archetypal telomeres. However, the maximum likelihood trees

exhibit substantial phylogenetic distance between the proteins of the three plasmids.

5.2 A copy of pSCL4 tap-tpg operon was incorporated on S. clavuligerus

chromosome.

In order to study the role of the Tap in Tpg sets in S. clavuligerus, we intend to perform
analyses including tap-tpg knockouts and plasmid curing. In order to provide the
chromosome with a copy of these genes prior to knockout experiments, we made pSCL4 tap-
tpg duplicated strains of S. clavuligerus. For this, we constructed the integrative plasmid
pLIS22 which carries the tap-tpg operon from pSCL4. This plasmid is based on the pMS82
vector, which carries a hygromycin-resistance gene, the bacteriophage ¢$BT1 integrase gene
and an attP site that recognises the attB site on Streptomyces chromosomes. The plasmid
was constructed by restriction cloning and introduced into S. clavuligerus strains by

intergeneric conjugation.

Firstly, the plasmid was constructed in silico using SnapGene (Figure 5.5A). The forward
primer PTP-F-Hindlll was designed to start annealing to the 304 bp upstream of 4tap, and a
Hindlll restriction site was included. The reverse primer PTP-R-Nsil was designed to start
annealing to the 51 bp downstream of 4tpg, and a Nsil restriction site was included on the
sequence. The pSCL4 tap-tpg operon (3.5 kb) was amplified and cloned into pMS82 using the

restriction enzymes Hindlll and Nsil.

Wet lab construction of the plasmid was initiated by PCR amplification of the operon from
genomic DNA of S. clavuligerus DSM 738 using the previously mentioned primers. The
amplified product was confirmed by visualisation of a band of 3.5 kb by gel electrophoresis
analysis (Figure A4 in Appendix). The amplified and purified genes were digested with Hindlll
and Nsil restriction enzymes alongside the vector pMS82, and the products were ligated. E.

coli competent cells were transformed with ligation products and hygromycin-resistant
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transformants were analysed by colony PCR. Four transformants exhibited bands at 3.5 kb
on gels (Figure A5 in Appendix), which were then grown for plasmid isolation. In order to
confirm the correct construction of pLIS22, the purified plasmids were digested with BamHlI,
Hindlll, Kpnl and EcoRI and the products were separated by electrophoresis. The gel shows

bands at the expected sizes and therefore confirms the construction of pLIS22 (Figure 5.5B).

In order to introduce pLIS22 into S. clavuligerus, the plasmid was first used to transform the
E. coli ET12567/pUZ8002 conjugative strain, and hygromycin-resistant colonies were picked
and grown for conjugation. In addition, conjugative E. coli was transformed with the empty
vector pMS82 to use as a control. E. coli strains containing either pLIS22 or pMS82 were
conjugated into the S. clavuligerus strains DSM 738, DSM 41826 and Sc2. After applying
selection for hygromycin and nalidixic acid resistance, transconjugants appeared, which were
then streaked one more time on plates containing hygromycin and nalidixic acid. Both pLIS22
and pMS82 transconjugants exhibited growth on these antibiotics, which suggested a
successful conjugation (Figure A6 in Appendix). Transconjugant strains were named SCLA22
(S. clavuligerus DSM 738 plus pLIS22), SCLA23 (S. clavuligerus DSM 41826 plus pLIS22), and
SCLA24 (Sc2 plus pLIS22).

Furthermore, in order to confirm the presence of an additional copy of the pSCL4 tap-tpg
operon on the genome, we performed a Southern blot analysis of the tap-tpg-duplicated
strains against the parental strains. For this, purified genomic DNA of DSM 738, DSM 41826,
Sc2, SCLA22, SCLA23 and SCL24 was digested with the restriction enzyme Sacl. This enzyme
was chosen because it does not cut within the tap-tpg operon, and so, one digested fragment
contains the whole operon, thus one band represents one tap-tpg copy. The digested DNA
was separated by electrophoresis and the gel was blotted and hybridised to a probe that
binds to pSCL4 tap-tpg. The Southern blot shows one band at around 4.5 kb for the parental
strains, which represents the copy on pSCL4 (Figure 5.6A). The tap-tpg-duplicated strains
present the same band at 4.5 kb, plus an additional band at around 10 - 15 kb that represents

the duplicated copy in the chromosome (Figure 5.6B).

With these results we can confirm the incorporation of pSCL4 tap and tpg on the

chromosome of the strains of S. clavuligerus DSM 738, DSM 41826 and Sc2.
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Figure 5.5. Construction of integrative plasmid pLIS22 A: In silico cloning of the tap-tpg operon into
pMS82 B: Gel electrophoresis of the digest products of pLIS22 and pMS82 with BamHI, Hindlll, Kpnl
and EcoRl. Including a table with the expected product sizes and the plasmid maps indicating the

restriction sites.
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Figure 5.6. Southern blot analyses confirm an extra copy of tap-tpg on duplicated strains. A: Southern
blot performed with pSCL4 tap-tpg as probe on digested DNA of the three tap-tpg-duplicated strains
and their parental strains. Lambda DNA digested with Hindlll as DNA size standard. B: Maps of the

regions of pSCL4 and tap-tpg-duplicated chromosome (estimated) containing the tap-tpg operon,
indicating Sacl restriction sites, and the size of expected bands.
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5.3 Homologous recombination did not allow elimination of tap and tpg from

pSCL4.

The fact that the chromosome lacks its own copies of tap and tpg, led to the hypothesis that
it utilises the proteins encoded on the plasmids. Our theory was that the chromosome relies
on the terminal proteins provided by the megaplasmid pSCL4. In order to confirm this theory
and further study the role of these proteins on the megaplasmid, we intended to eliminate
the tap-tpg genes from pSCL4 by allelic replacement (homologous recombination of the
operon’s flanking regions and substitute the genes by an antibiotic-resistance gene). The plan
for knocking out tap and tpg is illustrated on Figure 5.7. A knockout plasmid called pLIS405,
which carries the pWHM3 vector backbone (thiostrepton-resistant) and the 3kb flanking
regions at each side of tap-tpg separated by the apramycin-resistance gene, was utilised for
the recombination. For total elimination of tap and tpg, two recombination events are
necessary. The first cross-over would incorporate the pLIS405 plasmid on pSCL4, providing
resistance to both apramycin and thiostrepton. The second cross-over would eliminate tap,
tpg and the thiostrepton-resistance gene, thus colonies should only be resistant to

apramycin.

In silico construction of the knockout plasmid pLIS405 was performed using SnapGene (Figure
5.8). Firstly, primers were designed in order to amplify the flanking regions of the tap-tpg
operon in pSCL4. The downstream flanking region (referred here as SP-Left) of 2,993 bp of
size is amplified using the primers SP-L-SphiXbal and SP-L-BamHI, which include the Sphl and
Xbal, and the BamHI restriction sites respectively. The upstream flanking region (referred
here as SP-Right) of 3,189 bp of size is amplified using the primers SP-R-BamHI and SP-R-
EcoRIXbal, which include the BamHI, and the EcoRIl and Xbal restriction sites respectively.
The flanking regions were cloned individually into pGEM-T Easy vector. SP-Right was
subcloned into pBGS19 constructing the plasmid pLIS401 using BamHI and EcoRI. SP-Left was
then cloned onto pLIS401 using BamHI| and Sphl, forming the new plasmid pLIS402. The
apramycin-resistance gene was amplified from plJ773 and cloned between SP-Right and SP-
Left using BamHI constructing pLIS404. The plasmid pLIS405 would then result from the
cloning of the knockout cassette to pWHM3. Due to the lack of the DNA sequence of pWHM3,

we estimated the map of pLIS405 utilising published maps of pWHM3.
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Figure 5.7. Schematic representation of the plan for eliminating the tap and tpg genes from pSCL4 by
homologous recombination of the operon’s flanking regions and substitution by apramycin-resistance
gene. Two recombination events (presented in blue) against the plasmid pLIS405 are necessary.
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Figure 5.8. Schematic representation of the in silico cloning to construct pLIS405. The pSCL4 tap-tpg
flanking regions are cloned onto pBGS19. The apramycin-resistance gene is amplified from plJ773 and
cloned between the flanking regions. The knockout cassette is finally subcloned onto pWHM3.
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Wet lab construction of pLIS405 was initiated by PCR amplification of SP-Right and SP-Left,
which was confirmed by visualisation of bands at around 3 kb on agarose gels (Figure A7 in
Appendix). Purified amplified products were ligated to linearised pGEM-T Easy vector
individually. Ligation products were used to transform E. coli competent cells and ampicillin-
resistant white colonies were picked and grown for plasmid purification. Confirmation of
correct cloning was done by digestion of the pGEM-SP-Left or SP-Right plasmids with
restriction enzymes (Figure A8 in Appendix). In order to construct the plasmid pLIS401,
pGEM-SP-Right and pBGS19 were digested independently with BamHI and EcoRIl by
sequential digestion with a clean-up step in between. Following purification, the digested
products were ligated and used to transform competent E. coli cells. Kanamycin-resistant
colonies were selected, and the presence of the insert was confirmed by colony PCR. Correct
construction of the plasmid was confirmed by restriction digest with BamHI and Sall (Figure
A9 in Appendix). Exactly the same procedure was followed to clone SP-Left into pLIS401
utilising this time the enzymes BamHIl and Sphl, resulting in the plasmid pLIS402.
Furthermore, the apramycin resistance gene was amplified from DNA of plJ773 using the
Apr_BamHI_Fw and Apr_BamHI_Rv primers, and then cloned into pGEM-T Easy. This gene
was then subcloned into pLIS402 using BamHl, resulting in the plasmid pLIS404, which
construction was confirmed by restriction digestion (Figure A10 in Appendix). Finally, the
knockout cassette was subcloned into pWHMS3, for this pLIS404 was digested with Pvull and
Hindlll, while pWHM3 with EcolCRI and HindlIl. Following ligation and transformation, we
obtained the knockout plasmid pLIS405. The insertion of the cassette in pWHM3 was

confirmed by restriction digest with Hindlll, BamHI, EcoRl and Sall (Figure 5.9).

In order to introduce the knockout plasmid into S. clavuligerus, the plasmid was first used to
transform competent E. coli ET12567/pUZ8002. Thiostrepton and apramycin resistant
colonies were selected and grown to conjugate the wild type strain S. clavuligerus DSM 738
and the tap-tpg-duplicated strain SCLA22. After applying selection with nalidixic acid and
apramycin, a total number of 7 transconjugants were obtained, 6 from conjugation of the
wild type (called SCLA405-1 to SCLA405-6), and 1 colony from the conjugation of the tap-tpg-
duplicated strain (called SCLA22-405). These 7 strains were then streaked in the presence of
apramycin and thiostrepton separately, and they all exhibited growth on plates containing
both antibiotics, which implied that one cross-over had occurred integrating the whole

pLIS405 plasmid on the megaplasmid (Figure 5.10A).
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Figure 5.9. Confirmation of cloning of the knockout cassette into pWHMS3 resulting in pLIS405. Gel
electrophoresis of restriction digest products of pLIS405 and empty vector pWHM3 digested with
Hindlll, BamHI, EcoRI and Sall.
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In order to allow a second cross-over to occur and eliminate tap and tpg from pSCL4, the
transconjugant strain were grown without antibiotic and spores were harvested. These

spores were diluted 1:50, 1:2500 and 1:25000 and were plated on agar without antibiotics.

For the purpose of screening for colonies where a second recombination event happened,
single colonies were picked and patched on plates containing apramycin, thiostrepton and
no antibiotics separately, so each colony was tested against the three conditions (Figure
10.B). In addition, the wild type strain S. clavuligerus DSM 738 was used as negative control,
and a S. clavuligerus strain conjugated with plJ6902 was used as positive control as it is
resistant to both apramycin and thiostrepton. Between 900 to 1000 colonies were tested for
a second cross-over and only two strains were identified as knockout candidates. These two
strains, named SCLA405-4.27 and SCLA405-3.72, presented resistance to apramycin but
sensitivity to thiostrepton and they originate from conjugation of the wild type with pLIS405
(Figure 5.11A). No thiostrepton-sensitive colonies were obtained from conjugation of the

tap-tpg-duplicated strain (SCLA22) with pLIS405.

In order to confirm if these two strains had the tap-tpg genes eliminated from their genome,
we extracted genomic DNA from SCLA405-4.27 and SCLA405-3.72 and performed a PCR
amplification using primers that bind to the tap gene in pSCL4. Both candidate strains present
the same band as the wild type (Figure 5.11B). This suggest that both colonies still contain

this gene and therefore the second crossover did not happen.

Overall, these results suggest that it was not possible to knockout the tap and tpg genes from

pSCL4 using allelic replacement with 3kb of homologous regions.
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Figure 5.10. Resistance to apramycin and thiostrepton confirms recombination of pLIS405 into S.
clavuligerus megaplasmid. A: 7 transconjugants were obtained that were resistant to both antibiotics,
6 from the wild type (1 to 6) and 1 from the tap-tpg-duplicated strain (22). B: Example of 50 colonies
patched on the three conditions in order to search for knockout strains.
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Figure 5.11. Two colonies exhibited the expected double-crossover phenotype (ApraR, ThioS) but
were excluded from being tap-tpg knockouts as the tap gene was amplified from their genomic DNA.
A: Plates of the three conditions containing candidate strain SCLA405-3.72 (72), WT (DSM 738),
positive control (plJ6903 conjugated), and two one-crossover controls (65 and 96). B: Electrophoresis
gel of products from amplification of the tap gene from DNA of strains WT, SCLA405-3.72 and
SCLA405-4.27.
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5.4 BACTH experiments confirm interaction of the Tap protein encoded on

pSCL4 with itself.

For the purpose of studying the interaction between the Tap and Tpg proteins encoded on
the megaplasmid pSCL4, bacterial adenylate cyclase two-hybrid (BACTH) analyses were
performed. In order to do so, it was necessary to clone the 4tap and 4tpg genes onto the
BACTH vectors pKT25 and pKNT25 to translationally fuse the gene to the T25 unit of the
adenylate cyclase (AC) enzyme at both orientations, as well as onto the vectors pUT18 and
pUT18C, to translationally fuse the other gene to the T18 subunit of the AC at both
orientations. Interaction would be then assessed by co-transforming E. coli with the two
plasmids carrying the T25 and T18 subunits and observing restoration of the adenylate
cyclase activity by inducing B-galactosidase degradation of X-Gal, which is observable by the
apparition of blue colonies. In contrast, the lack of interaction would yield white colonies. In
order to study all the possible interactions between these two proteins, we decided to clone
both genes onto the four BACTH vectors, which would result in the construction of the eight
plasmids presented on Table 5.1.

Table 5.1. List of the eight BACTH plasmids to be constructed in order to study all the possible
interactions between the Tap and Tpg proteins encoded on S. clavuligerus plasmid pSCL4.

Construct Genotype Expression

pLIS611 4Tap + pKT25 N# T25 ‘ 4 Tap Fc
pLIS621 4Tap + pKNT25 N 4Tap [725
pLIS631 ATap + pUT18 N—] 4 Tap 718 |
pLIS641 ATap + pUT18C N[ 718 | 4 Tap ¢
pLIS711 4Tpg + pUT18 N—| 4Tpg | T18 }_c
pLIS721 4Tpg + pUT18C N-{ 718 | 4Tpg ¢
plLIS731 ATpg +pKT25 N 725 | 4 Tpg e
pLIS741 4Tpg + pKNT25 N—| 4 Tpg | T25 |

Firstly, in silico cloning of the eight plasmids was performed in SnapGene. The restriction
enzymes Xbal and BamHI were chosen to be used in the cloning as they have restriction sites
present on the multiple cloning site on the four vectors and they do not cut within tap and

tpg. The forward primers were designed so it would maintain the gene in frame with the T25
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or T18 in the case of pKT25 and pUT18C vectors, or in frame with the AC subunit promoter
in the case of pKNT25 and pUT18 vectors. In addition, the Xbal restriction site was added to
these primers and they were named: BACTH-p4-Tap-Fw and BACTH-p4-Tpg-Fw. In the case
of the reverse primers, they were designed so the natural stop codon of tap and tpg would
be eliminated, and so, only the AC subunit stop codon would be expressed. The BamHI
restriction site was added to the beginning of the primers and they were named: BACTH-p4-
Tap-Rv and BACTH-p4-Tpg-Rv. The in silico construction of the eight plasmids was performed
by amplification of the tap and tpg genes and insertion into the four vectors using Xbal and

BamHI (Figure 5.12).

Wet lab construction of the plasmids was done following the steps of the in silico cloning.
The tap and tpg genes were amplified by PCR using the mentioned primers and Q5 High-
fidelity polymerase, which was confirmed by gel electrophoresis (Figure A1l in Appendix).
PCR products and BACTH vectors were digested with Xbal and BamHI individually and
digested products were separated by electrophoresis and purified. The products were ligated
and used to transform competent E. coli cells. Several colonies were selected, and the
plasmids were isolated. Screening for the correct construct was performed by restriction
enzyme digest with Xbal and BamHI. Confirmation of correct cloning is presented on Figure
5.13; unfortunately, the tpg gene could not be cloned into pKT25 vector (pLIS731);
nevertheless, the seven constructed plasmids are sufficient for performing the interaction

assays.

In order to study the interaction between Tap and Tpg from pSCL4, we co-transformed E. coli
BTH101 competent cells with the plasmids pLIS611 (T25-Tap) and pLIS711 (Tpg-T18).
Transformants were streaked on the presence of X-Gal and white colonies were observed,
which suggests no protein-protein interaction. In addition, to confirm if the orientation of
the proteins in reference to the AC subunit is relevant, we also tested the plasmids pLIS621
(Tap-T25) and pLIS721 (T18-Tpg), and following all the possible combinations of the four
plasmids, only white colonies were observed in the presence of X-Gal. Furthermore, the
opposite combinations of protein-AC subunit were tested (Tap plus T18 and Tpg plus T25),
but still only white colonies were visualised. E. coli transformed with pKT25-ZIP and pUT18C-
ZIP was used as a positive interaction control and E. coli transformed with the empty vectors

as negative control, which yielded blue and white colonies respectively. These results suggest
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Figure 5.12. Schematic representation of the in silico cloning of the BACTH plasmids containing the
pSCL4 tap gene. The gene was cloned into pKT25, pKNT25, pUT18 and pUT18C using Xbal and
BamHl, resulting in the plasmids pLIS611, pLIS621, pLIS631 and pLIS641 respectively.
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Figure 5.13. Confirmation of construction of BACTH pSCL4 plasmids A: Gel electrophoresis of the seven
constructs against the parental vectors (red) digested with Xbal and BamHI. The tap genes are
highlighted by an orange asterisk, and the tpg genes by a blue asterisk. B: List of expected band sizes
following digestion with Xbal and BamHI.
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that the pSCL4 Tap and Tpg do not interact in these conditions regardless of the protein
orientation. Moreover, in order to study if the Tap and Tpg proteins from pSCL4 interact with
themselves, we transformed E. coli cells with the following combinations: pLIS611 (T25-Tap)
and pLIS641 (T18-Tap), and pLIS711 (Tpg-T18) and pLIS741 (Tpg-T25). Bright blue colonies
were obtained from the E. coli transformed with Tap plasmids, which suggest strong
interaction of the Tap protein with itself. On the other hand, white colonies were observed

for the Tpg-Tpg co-transformation and so, no interaction of Tpg with itself is confirmed.

To summarise, Tap and Tpg proteins from pSCL4 do not interact with each other when
expressed in E. coli. In contrast, Tap shows strong interaction with itself, while no interaction
was detected between Tpg proteins. Examples of the co-transformed E. coli colonies are

presented on Table 5.2.
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Table 5.2. List of pSCL4 BACTH plasmids combinations tested for studying the protein-protein
interactions: 4Tap-4Tpg, 4Tap-4Tap and 4Tpg-4Tpg. Leucine zipper plasmids are used as positive
control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype

B0

plLIS611 T25-Tap
pLIS711 Tpg-T18
plLIS611 T25-Tap
plLIS721 T18-Tpg
pLIS621 Tap-T25
pLIS711 Tpg-T18
pLIS621 Tap-T25
plLIS721 T18-Tpg
pLIS611 T25-Tap
plLIS641 T18-Tap
pLIS711 Tpg-T18
pLIS741 Tpg-T25
pKT25-ZIP T25-Leucine zipper
pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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5.5 Interaction of the Tpg protein with itself was confirmed by BACTH

experiments using the pSCL2 and pSCL3 proteins.

In order to study protein-protein interactions of the terminal proteins encoded on pSCL3 and
pSCL2, BACTH analyses were performed similarly to the pSCL4 proteins interaction assays.
For this, we proposed to clone the tap and tpg genes from pSCL3 and pSCL2 onto the BACTH
vectors pKT25 and pUT18. The BACTH plasmids constructed to study interactions between

terminal proteins of these two plasmids are presented on Table 5.3.

Table 5.3. List of the eight BACTH plasmids to be constructed in order to study interactions between

the Tap and Tpg proteins encoded on S. clavuligerus plasmids pSCL2 and pSCL3.

Construct Genotype Expression

pLIS612 2Tap + pKT25 N_{ T25 | 2 Tap }—c
pLIS632 2Tap +pUT18 N—| 2Tap [T18 |-¢
pLIS712 2Tpg + pUT18 N—| 2 Tpg [ T18 |
pLIS732 2Tpg +pKT25 N— T25 | 2 Tpg —C
pLIS613 3Tap + pKT25 N—| 725 | S ¢
pLIS633 3Tap + pUT18 N—| 3 Tap | T18 |_c
pLIS733 3Tpg +pKT25 NA{ 125 ‘ 3 Tpg }7(:

In silico construction of the plasmids was done in a similar manner to the pSCL4 plasmids. In
the case of the terminal proteins from pSCL2, we also chose the restriction enzymes Xbal and
BamHI for cloning 2tpg, but in the case of 2tap, it was observed that BamHI cuts within the
gene and so, EcoRI was chosen instead. However, the T25 stop codon on pKT25 lies between
the Xbal and EcoRl sites and cloning of the 2tap gene would eliminate this codon. It is then
necessary to maintain the original stop codon of the 2tap gene when cloning it into pKT25,
while the 2tap stop codon should be eliminated for cloning into pUT18, in order to allow
translational fusion to T18. Taking this into account, the forward primers BACTH-p2-Tap-Fw
and BACTH-p2-Tpg-Fw were designed including the Xbal site so the genes are in frame with
the AC subunit promoter. The two reverse primers designed for cloning 2tap are BACTH-p2-

Tap-Rv and BACTH-p2-TapEND-Rv for insertion into pUT18C and pKT25 respectively, that
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include the EcoRl site. The reverse primer for the 2tpg gene is BACTH-p2-Tpg-Ryv, that include
the BamHl site. The four plasmids were constructed using SnapGene using these primers and

restriction enzymes.

During in silico construction of the pSCL3 BACTH plasmids, it was observed that both the 3tap
and 3tpg genes are cut with BamH]I, and so the enzymes Xbal and EcoRl were chosen to clone
both genes. Similarly to the case of the 2tap, it is necessary to maintain the original stop
codon to clone into pKT25, while disrupting the codon for cloning into pUT18, this time for
both 3tap and 3tpg. The following forward primers were design in order to maintain the
genes within the AC promoter: BACTH-p3-Tap-Fw and BACTH-p3-Tpg-Fw, that include the
Xbal site. And the reverse primers: BACTH-p3-Tap-Rv and BACTH-p3-TapEND-Rv for 3tap, and
BACTH-p3-Tpg-Rv and BACTH-p3-TpgEND-Rv for 3tpg, all of them containing the EcoRl site.

The four plasmids were constructed using SnapGene with these conditions.

The wet lab construction of the four pSCL2 and four pSCL3 BACTH plasmids was performed
in the same way as the pSCL4 BACTH plasmids. The final products were confirmed by

restriction enzyme digest (Figure 5.14).

In order to study the interaction between the terminal proteins 2Tap and 2Tpg, we co-
transformed E. coli BTH101 competent cells with the plasmids pLIS612 (T25-Tap) and pLIS712
(Tpg-T18), as well as, pLIS632 (Tap-T18) and pLIS732 (T25-Tpg). In both cases, the E. coli
colonies exhibited a white colour, suggesting no protein-protein interaction in these
conditions (Table 5.4). Furthermore, the plasmids pLIS612 (T25-Tap) and pLIS632 (Tap-T18)
were used to transform E. coli cells in order to study 2Tap-2Tap interaction, which yielded
white cells. In contrast, when transforming cells with pLIS712 (Tpg-T18) and pLIS732 (T25-
Tpg) to study interaction of 2Tpg with itself, we obtained blue colonies, as well as some white
colonies. In summary, these experiments confirmed no interaction between 2Tap and 2Tpg

in E. coli, while 2Tpg exhibits interaction with itself.

Moreover, the same plasmid combinations were used to study the interactions of the pSCL3
terminal proteins. Similarly to pSCL2 proteins, no interaction was visualised between the
3Tap and 3Tpg proteins encoded on pSCL3 when expressed in E. coli (Table 5.5). White
colonies were obtained for E. coli transformed with 3Tap and 3Tap plasmids, while both
white and blue colonies were observed for 3Tpg-3Tpg colonies, which confirms at least

partial interaction of 3Tpg with itself for the pSCL3 proteins.
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Fragment (Kb)
pLIS632 3,22
pLIS732 3.4,0.57
pLIS612 34,22
pLIS712 3,0.57
pKT25 3.44
puUT18 3.02
Construct  Predicted
Fragment (Kb)
pLIS613 34,22

pLIS633 3522
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pLIS733 3,057
pKT25 3.44
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Figure 5.14. A: Confirmation of construction of BACTH pSCL2 plasmids. Gel electrophoresis of the four
constructs against the parental vectors (red) digested with Xbal and BamHI or EcoRI. The 2tap genes

are highlighted by a yellow asterisk, and the 2tpg genes by a blue asterisk. The table indicates the

expected band sizes. B: Confirmation of construction of BACTH pSCL3 plasmids. Gel electrophoresis of

the four constructs against the parental vectors (red) digested with Xbal and BamHI or EcoRI. The 3tap

genes are highlighted by an orange asterisk, and the 3tpg genes by a blue asterisk. The table indicates

the expected band sizes.
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Table 5.4. List of pSCL2 BACTH plasmids combinations tested for studying the protein-protein
interactions: 2Tap-2Tpg, 2Tap-2Tap and 2Tpg-2Tpg. Leucine zipper plasmids are used as positive
control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype
pLIS612 T25-Tap
pLIS712 Tpg-T18
pLIS632 Tap-T18
pLIS732 T25-Tpg
pLIS612 T25-Tap
pLIS632 Tap-T18
pLIS712 Tpg-T18
pLIS732 T25-Tpg

pKT25-ZIP T25-Leucine zipper

pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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Table 5.5. List of pSCL3 BACTH plasmids combinations tested for studying the protein-protein
interactions: 3Tap-3Tpg, 3Tap-3Tap and 3Tpg-3Tpg. Leucine zipper plasmids are used as positive
control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype

YU

pLIS613 T25-Tap
pLIS713 Tpg-T18
pLIS633 Tap-T18
pLIS733 T25-Tpg
pLIS613 T25-Tap
pLIS633 Tap-T18
pLIS713 Tpg-T18
pLIS733 T25-Tpg
pKT25-ZIP T25-Leucine zipper
pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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5.6 The terminal proteins from the three plasmids pSCL4, pSCL3 and pSCL2 do

not interact with each other.

In order to investigate if the terminal proteins from different plasmids can interact with each
other, we performed some BACTH analyses using the plasmids constructed as described on

sections 5.4 and 5.5.

Firstly, in order to study possible interaction between the Tap and Tpg proteins of pSCL4 and
pSCL2, we co-transformed E. coli with plasmids combinations to study 4Tap-2Tpg, 2Tap-4Tpg,
4Tap-2Tap and 4Tpg-2Tpg interactions. All the obtained colonies exhibited a white colour,
and so, no protein-protein interaction was confirmed for any of the combinations of terminal

proteins from pSCL4 and pSCL2 (Table 5.6).

Similarly, plasmids carrying the tap and tpg from pSCL4 and pSCL3 were used to transform E.
coli and study the interactions of the four proteins. The pSCL4 proteins do not present
interaction to the pSCL3 proteins either, as we only obtained white transformants (Table

5.7).

Lastly, the same transformation combinations were carried out to study interactions
between the terminal proteins of pSCL2 and pSCL3. Once again, only white E. coli colonies

were observed, thus no protein-protein interaction was confirmed (Table 5.8)

In summary, BACTH experiments suggest no protein-protein interactions between the Tap

and Tpg from pSCL4, pSCL3 and pSCL2.
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Table 5.6. List of pSCL4 and pSCL2 BACTH plasmids combinations tested for studying the protein-
protein interactions: 4Tap-2Tpg, 2Tap-4Tpg, 4Tap-2Tap and 4Tpg-2Tpg. Leucine zipper plasmids are
used as positive control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype

pLIS611 T25-4Tap
pLIS712 2Tpg-T18
pLIS711 4Tpg-T18
pLIS612 T25-2Tap
pLIS611 T25-4Tap
pLIS632 2Tap-T18
pLIS711 4Tpg-T18
pLIS732 T25-2Tpg
pKT25-ZIP T25-Leucine zipper
pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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Table 5.7. List of pSCL4 and pSCL3 BACTH plasmids combinations tested for studying the protein-
protein interactions: 4Tap-3Tpg, 3Tap-4Tpg, 4Tap-3Tap and 4Tpg-3Tpg. Leucine zipper plasmids are
used as positive control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype

pLIS611 T25-4Tap
pLIS713 3Tpg-T18
pLIS711 4Tpg-T18
pLIS613 T25-3Tap
pLIS611 T25-4Tap
pLIS633 3Tap-T18
pLIS711 4Tpg-T18
pLIS733 T25-3Tpg
pKT25-ZIP T25-Leucine zipper
pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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Table 5.8. List of pSCL2 and pSCL3 BACTH plasmids combinations tested for studying the protein-
protein interactions: 2Tap-3Tpg, 3Tap-2Tpg, 2Tap-3Tap and 2Tpg-3Tpg. Leucine zipper plasmids are
used as positive control (green), and empty vectors as negative control (red).

Plasmid combination Expression Phenotype
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..

pLIS612 T25-2Tap
pLIS713 3Tpg-T18
pLIS712 2Tpg-T18
pLIS613 T25-3Tap
pLIS612 T25-2Tap
pLIS633 3Tap-T18
pLIS712 2Tpg-T18
pLIS733 T25-3Tpg
pKT25-ZIP T25-Leucine zipper
pUT18C-ZIP T18-Leucine zipper
pKT25 T25
pUT18 T18
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5.7 Summary.

In this chapter we report the identification and characterisation of three set of terminal
proteins in the genome of S. clavuligerus. While the tap and tpg genes from pSCL4 were
identified in the work published by Medema et al., 2010, no previous findings regarding the
tap and tpg from pSCL3 and pSCL2 have been described. Considering no tap-tpg genes are
present on both the chromosome and the smallest plasmid pSCL1, and they still display a
linear topology, these replicons must rely on the terminal proteins encoded on the other
plasmids to maintain the telomeric sequences. This is not unknown, as it has been described
how in other Streptomyces species, such as S. rochei, the chromosome utilises the terminal

proteins encoded on plasmids (Nindita et al., 2015).

Moreover, it was observed that the 4tap-4tpg operon is located on the central region of
pSCL4, a fact that is unique to this replicon, as these genes are usually located towards the
termini of Streptomyces chromosomes and plasmids. This observation contributes to
Medema’s theory about the origin of the megaplasmid, which states that the plasmid comes
from recombination events of the chromosome with a smaller plasmid (Medema et al.,
2010). The tap-tpg genes could have once been present at the end of the chromosome or

plasmid and acquired the central position upon recombination between the molecules.

Comparison of the Tap and Tpg amino acid sequences to other Streptomyces terminal
proteins allowed us to visualise a high conservation, which confirms that the three sets of
proteins are archetypal. However, phylogenetic studies of these sequences suggested that
the proteins encoded on pSCL4 and pSCL3 are among the rarest archetypal terminal proteins
of Streptomyces species. In contrast, the terminal proteins from pSCL2 are more similar to
those from streptomycetes phylogenetically distant to S. clavuligerus, hence it could be
suggested that pSCL2 originated from conjugal transfer of an organism closer to species like
S. coelicolor and S. avermitilis. In addition, we predicted the helix-turn-helix motifs on the
Tap and Tpg amino acid sequences of the three plasmids, as well as the amphiphilic B-sheet

on the Tpg proteins.

As it was confirmed by Southern blotting, we succeeded in introducing a copy of the pSCL4
tap-tpg operon on the S. clavuligerus chromosome. This integration was achieved by
utilisation of the bacteriophage ¢$BT1 att-site-specific recombination mechanism described
by Gregory and Smith, 2003. attB sites are found on the S. clavuligerus chromosome and

integration of plasmids with the attP-integrase system have been used on previous studies
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on this microorganism (Combes et al. 2002; Trepanier et al. 2002). However, these studies
utilised plasmids containing $C31 attP-int locus, which integrate at different attB sites than
the ¢BT1-based plasmids (Gregory and Smith, 2003). With this work we confirm that the
$BT1 att-site-specific mechanism works successfully for the integration of elements on the

chromosome of S. clavuligerus, even with such large inserts as the tap-tpg operon (3.5 kb).

Once a tap-tpg-chromosome strain was obtained, we intended to knock out the genes from
pSCL4 by allelic replacement using 3 kb of homologous regions. Unfortunately, we confirmed
that it was not possible to eliminate these genes by this methodology. While many single-
crossover transconjugants (Apra and Thio resistant) were obtained, only two mutants had
lost their resistance to thiostrepton. Nevertheless, the presence of 4tap on these mutants
was confirmed by PCR, which confirmed no second recombination event happened and the
loss of thiostrepton resistance could probably be explained by apparition of random
mutations on the resistance gene. The lack of knockout mutants might indicate that these
4tap and 4tpg genes are essential for S. clavuligerus. However, the genes could not be
eliminated from the tap-tpg-duplicated strain either, which suggests that either the copies
on the chromosome are not functional, or the loss of tap and tpg from pSCL4 has detrimental
effects in addition to their terminal function in end-patching. It would be interesting to see if
this is the same effects when trying to silence the 4tap-4tpg genes, instead of eliminating the
whole genes, by new technology such as CRISPR-BEST or CRISPR/dCas9 systems; as well as
studying the effects of disrupting the other tap and tpg genes on pSCL2 and pSCL3 (Gjaltema
and Schulz, 2018; Tong et al., 2019).

As was evidenced in our BACTH experiments on the Tap and Tpg proteins of pSCL4, pSCL3
and pSCL2, these two proteins do not interact when expressed in E. coli. This was confirmed
regardless of the position of the AC subunit in reference to the terminal protein. Previous
studies confirmed in vivo interaction between the Tap and Tpg of S. lividans by co-
immunoprecipitation using cell extract (Bao and Cohen, 2003). It could be then hypothesised
that the Tap protein must bind to telomeric DNA first in order to interact with Tpg, and so
this interaction is not possible in E. coli. The in vitro studies of Yang et al., 2015 suggested
that without the attachment of Tap to the telomeric Palindromes Il and lll, the synthesis
efficiency of the 13 nucleotides-primer for end patching decreased. Following our hypothesis,
this impaired end-patching could be explained by a poor Tap-Tpg interaction in the absence

of specific telomeric DNA.
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In contrast, significant interaction was observed between Tap proteins of pSCL4. This
interaction was not visible on the Tap proteins of pSCL3 and pSCL2, however, this could be
due to the orientation of the Tap protein in relation to the AC subunit. The 4Tap protein
tested positive for interaction when both AC subunits were positioned at the N-terminus of
the protein, while no interaction was observed when one of the pSCL3 and pSCL2 proteins
carried the subunit at the C terminus. If this is extrapolated to the three sets of proteins, it
can be assumed that the AC subunits at the C-termini are blocking interaction of the Tap
proteins (Table 5.9). Similarly, the 4Tpg proteins showed no interaction when both the
subunits were located at the C-terminus; while the pSCL3 and pSCL2 Tpg proteins, which one
of the plasmids was cloned so one of the subunit would be located at the N-terminus, and
the other plasmids at the C-terminus, exhibited partial interaction. The AC subunit could be
blocking the interaction site at the C-terminus as well. These results suggest that both Tap
and Tpg proteins interact with themselves and the interaction sites are located towards the
C-termini of the proteins. This could explain the high level of conservation we observed on
the amino acid sequences of the second half of the Tap and Tpg proteins, and correlates with
the fact that the proteins N-termini are rather involved in interaction with DNA, as suggested
by identification of helix-turn-helix motifs.

Table 5.9. The combinations of Tap-Tap and Tpg-Tpg plasmids tested by BACTH analysis and if
interaction was observed.

Combination Interaction
N— T25 | Tap —C v
N— T18 | Tap —C
N— T25 | Tap —C
N—| Tap | T18 |C x
N— Tpg T18 |C x
N—| Tpg 725 | C
N—| Tpg | T18 |C V
N— T25 | Tog —C

Interaction between same terminal proteins was previously confirmed by chemical cross-

linking of Streptomyces mycelium (Tsai et al., 2011). Although this interaction was explained

153



to be due to Tpg-Tpg association, considering our results, Tap-Tap interactions could also be
responsible for this. In this publication they evidenced interaction of terminal proteins
located at the ends of same molecule, which would provide linear chromosomes and
plasmids a circular conformation. In addition, it was confirmed the interaction of terminal
proteins between chromosome and plasmid even when carrying different terminal proteins.
Unfortunately, the terminal proteins from pSCL4, pSCL3 and pSCL2 do not show any kind of
interaction between each other according to our BACTH experiments, suggesting a high
specificity for each replicon’s terminal proteins to interact. However, considering the
chromosome must utilise one of the tap-tpg sets from pSCL4, pSCL3 or pSCL2, it cannot be
excluded the idea of chromosomal telomeres associating with the telomeres of the providing

plasmid.
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6. ESSENTIALITY OF THE MEGAPLASMID PSCL4 IN S. CLAVULIGERUS

Streptomyces often carry extra-chromosomal elements which present either a linear or
circular topology. These plasmids frequently carry transposable elements that allow
mobilisation of biosynthetic genes into chromosomes enabling acquisition of specialised
metabolism pathways, which evidences the important role that plasmids have had in
evolution and adaptation of streptomycetes. In some cases, plasmids even carry the entire
clusters responsible for the biosynthesis of antibiotic compounds. These are plasmids larger

than 100 kb and referred as giant linear plasmids.

While small linear plasmids were easily identified by conventional gel electrophoresis in
organisms such as S. rimosus (pSRM) and even S. clavuligerus (pSCL1) (Chardon-Loriaux et al.,
1986; Keen et al., 1988), it was not until the development of PFGE that larger plasmids were
observed. The studies of Kinashi et al., for example, revealed the presence of linear plasmids
in six Streptomyces species with sizes 17 to 590 kb, that carry genes for the biosynthesis of

antibiotics (Kinashi and Shimaji, 1987; Kinashi et al., 1988).

The most studied of the giant linear plasmids is SCP1 from S. coelicolor A3(2). This was first
identified by Hopwood et al., 1969 as a fertility factor, whose replication was independent of
the chromosome. It was also confirmed that SCP1 could integrate into different regions of
the chromosome and be transferred by conjugation to different Streptomyces species (Vivian
and Hopwood, 1975; Vivian, 1971). SCP1 carries the genes necessary for the biosynthesis of
methylenomycin (Kirby et al., 1975), and also important regulatory genes for antibiotic
production, as well as and extracytoplasmic function sigma factors genes, and even genes
important for cell division cell development like the wbl genes (Takano, 2006; Bentley et al.,
2002; Chater and Chandra, 2006). However, it was confirmed that the plasmid could be lost

either spontaneously or after UV exposure (Vivian and Hopwood, 1970).

Other examples of giant linear plasmids are the pSLA2-L and pSLA2-M plasmids of S. rochei.
These plasmids carry many secondary metabolite clusters, such as the ones encoding the
antibiotics lankacidin and lankamycin (Mochizuki et al., 2003). In addition, it was evidenced
that these plasmids are essential for providing the telomere replication machinery for the
chromosome, as plasmid loss resulted in chromosomal circularisation. This circularisation of
the chromosome was also evidenced to be avoided by complementing the chromosome with

a copy of the plasmid tap-tpg genes previously to curing the plasmid (Nindita et al., 2015).
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S. clavuligerus presents three giant linear plasmids (pSCL2, pSCL3 and pSCL4), and is similar
to S. rochei in the way that the plasmids are responsible for expressing Tap and Tpg in the
organism. Extrapolating the findings for S. rochei, it could be hypothesised that plasmid loss
in S. clavuligerus might induce circularisation of the chromosome as well; in particular the
loss of pSCL4, as the megaplasmid and chromosome carry the same telomeres, similarly to S.

rochei.

Spontaneous loss of the megaplasmid pSCL4 from S. clavuligerus was previously reported on
the studies by Charusanti et al., 2012, when they co-cultured S. clavuligerus ATCC 27064 and
methicillin-resistant Staphylococcus aureus N315. The pSCL4-free strain was also reported to
have an increased production of the antitumoral metabolite holomycin. In addition, in a
publication by Alvarez-Alvarez et al., 2014, the authors cured pSCL4 by deletion of the
plasmid parA and parB genes in a S. clavuligerus strain that lacks pSCL3. This yielded non-
sporulating and slow growing strains, which suggested that the plasmid might be involved in
mechanisms for the optimal growth of S. clavuligerus. Furthermore, they reported a slight
decrease of clavulanic acid production and an increase in holomycin production when pSCL4

was missing, as well as the loss of the chromosomal right end.

These studies suggested that, while the megaplasmid could be eliminated, it has important
consequences for S. clavuligerus. With this chapter we aimed to test this by studying the
effect of the loss of the megaplasmid in S. clavuligerus DSM 738 physiology, metabolism, and

chromosomal topology.

6.1 Elimination of the megaplasmid pSCL4 from S. clavuligerus.

In order to obtain pSCL4-free mutants of S. clavuligerus, we utilised CRISPR/Cas9 technology.
The CRISPR/Cas9 plasmid pGE240 was constructed and kindly provided by Dr. Gémez-
Escribano (John Innes Centre, Norwich). This plasmid carries the CRISPR/Cas9 cassette from
pCRISPomyces2 (Cobb et al., 2015), guide-RNA spacer to target parB in pSCL4, and the
apramycin-resistance gene. The spacer has the following sequence:
CCCCGACGAAATACTGGAAT, obtained from the middle section of parB in pSCL4. The spacer
was cloned into pCRISPomyces2 and the CRISPR/Cas9-spacer functionality was subcloned

into plJ86, resulting in pGE240.
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Expression of the Cas9-guide-RNA in S. clavuligerus should result in the Cas9 nuclease
incorporating a double-stranded break in pSCL4 parB. This would induce loss of nucleotides
at the point of the break and, even if re-ligation occurs, the gene would stay disrupted, which
would prevent the correct expression of the partitioning machinery necessary for the
segregation of pSCL4. Taking this into account, we decided to use pGE240 to eliminate pSCL4
from the S. clavuligerus wild type (DSM 738) and the strain with an additional copy of pSCL4
tap-tpg on the chromosome (SCLA22) (Figure 6.1). Both these strains contained all four linear

plasmids.

In order to introduce pGE240 into S. clavuligerus, DNA of pGE240 was first used to transform
E. coli ET12567/pUZ8002 conjugative strain, and apramycin-resistant colonies were picked
and used for conjugation. This strain was then conjugated with spores of S. clavuligerus DSM
78 and SCLA22 and after 2 to 3 weeks of applying selection with nalidixic acid and apramycin,

transconjugants appeared.

Transconjugants originating from the WT were named SCLA-MX, and the ones originating
from SCLA22 were named SCLA-McX. The strains were grown in the absence of antibiotic and
it was observed how some of the strains carried a partially bald phenotype (Figure 6.2). This

is particularly characteristics for the strains M1, M3 and Mc3.

In order to assess the presence of the megaplasmid, we performed colony PCR analyses on
the transconjugants. For the first PCR analysis, we used primers that bind to the tpg gene on
pSCL4 (Tpg-Fw and Tpg-Rv), and genomic DNA from S. clavuligerus DSM 738 was used for a
positive control. Products were separated by gel electrophoresis and it was confirmed that
four strains lacked this gene: M1, M2, M3 and M5 (Figure 6.3A). In the case of the tap-tpg-
duplicated mutants, all of them showed bands for tpg, which was to be expected as there is
an extra copy of this gene on the chromosome. Furthermore, the same transconjugants were
used for another colony PCR analysis, this time using primers that bind to the left arm end of
pSCL4 (SCL4-L-end-F and SCL4-L-end-R). The same transconjugants originating from the WT
(M1, M2, M3 and M5) lacked this region, as well as one strain from the tap-tpg-duplicated
mutants (Mc3) (Figure 6.3B). These results confirm that the strains M1, M2, M3, M5 and Mc3
are missing both the tpg gene and the left arm region of the megaplasmid making them

candidates for curing pSCL4.
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Figure 6.1. Schematic representation of the elimination of pSCL4 from S. clavuligerus WT (DSM 738)
and the tap-tpg-duplicated strain SCLA22 using the CRISPR/Cas9 plasmid pGE240. pGE240 carries
guide RNA (gRNA) that targets the Cas9 to cut the parB gene of pSCL4, which prevents further
segregation of pSCL4. X: chromosome, p: pSCL4, ApraR: apramycin-resistance gene.
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Figure 6.2. Examples of strains obtained from conjugation of S. clavuligerus DSM 738 (M1 to M6) and
conjugation of SCLA22 (Mc1 to Mc6) with pGE240. The strains were grown on L3M9 media.
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Figure 6.3. Gel electrophoresis of colony PCR results from 12 transconjugants. A: PCR performed using
primers that bind to the tpg gene of pSCL4. B: PCR performed using primers that bind to the left arm
end of pSCL4. S. clavuligerus DSM 738 genomic DNA was used for a positive control.
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These five strains were used for further colony PCR analyses. The first PCR was performed
using primers that bind the right arm end of pSCL4 (SCL4-R-end-F and SCL4-R-end-R). None
of the mutant strains showed bands for this region (Figure 6.4A). The second PCR was carried
out with primers that anneal to the chromosomal telomere (CaoChr-L-end-F and CaoChr-L-
end-R). Similarly, none of the mutants showed bands for the telomere (Figure 6.4B). In
addition, another PCR was performed using primers that amplify the ftsZ gene (FtsZ-Fw and
FtsZ-Rv), which is located on the chromosome of S. clavuligerus, in order to use as a
chromosome positive control. All the tested strains showed correct bands for ftsZ (Figure
6.4C). These results confirm that all five strains are S. clavuligerus mutants that have at least
partially lost the megaplasmid, as both left and right arm ends are missing, as well as the tpg
gene located on the central region of the pSCL4. In addition, all the mutants have lost the
chromosome telomeres, which suggests that the chromosome might have acquired a circular

form.

Finally, in order to confirm the loss of the megaplasmid and the genomic architecture of the
mutants, a PFGE was performed. Samples of the five mutants, as well as S. clavuligerus DSM
738 as the wild type (WT), were prepared and loaded undigested on the PFGE gel, and
electrophoresis was performed at 4 V/cm for 33 hours using HEPES buffers. The gel showed
bands at 1,800, 440 and 150 kb for the WT sample, which correspond to the three giant linear
plasmids pSCL4, pSCL3 and pSCL2 respectively (Figure 6.5). In contrast, the 1,800 kb band
was missing in all the mutant strains. In addition, the band corresponding to pSCL3 was also
missing on strains M5 and Mc3. Moreover, a larger band for pSCL3 was observed on the M2
strain. These results suggest that all the mutants have lost pSCL4, and in the case of M5 and
Mc3 also pSCL3. Furthermore, M2 strain carries a larger pSCL3, which could be due to a

translocation event with pSCL4 material.

Overall, we can confirm that elimination of the megaplasmid is possible by targeting the
plasmids parB gene with CRISPR/Cas9 technology. Elimination of the megaplasmid has an

effect on the chromosome sequence, as well as on the pSCL3 plasmid in some cases.

We decided to continue characterising the mutants, and for that we chose one strain per
different phenotype observed: M1 missing pSCL4, M2 missing pSCL4 and carrying a larger
pSCL3 and Mc3 missing both pSCL4 and pSCL3.
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Figure 6.4. Gel electrophoresis of colony PCR results from the five pSCL4-knockout candidates. A: PCR
performed with primers that amplify the right arm end of pSCL4. B: PCR using primers that anneal to
the chromosome telomere. C: PCR performed to amplify the ftsZ gene. S. clavuligerus DSM 738
genomic DNA was used for a positive control.
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Figure 6.5. PFGE of undigested samples of the mutant strains M1, M2, M3, M5 and Mc3, as well as
the WT strain (S. clavuligerus DSM 738). Electrophoresis performed using HEPES buffer at 4 V/cm for
33 hours. Saccharomyces cerevisiae YNN295 was used as DNA size standard (Bio-Rad).
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6.2 Whole genome sequencing of pSCL4-free strains confirms loss of plasmid

and chromosome ends.

In order to study the whole genome sequence of the three mutant strains M1, M2 and Mc3,
and confirm total loss of pSCL4, we used the services of MicrobesNG (Birmingham) to obtain
Illumina sequencing data for the three strains. The Illumina reads were aligned to the WT
assembly (S. clavuligerus DSM 738 sequences obtained as described in Chapter 4). The
alignments were viewed using Integrated Genome Browser (IGB) and compared to the WT

reads alignment to study the coverage.

The coverage map of the mutant strain M1 Illumina reads aligned to the WT assembly
exhibited sequencing data for most of the chromosome sequence (Figure 6.6). As expected
from the PCR analyses of the chromosome telomere, no reads from the M1 strain were
obtained that aligned to the chromosome ends. Almost no reads were observed to align to
the pSCL4 sequence. The few reads that were observed for pSCL4 were confirmed to align to
regions with homology to other parts of the genome (chromosome and pSCL2). In addition,
we observed M1 Illumina reads that aligned to the entire sequences of pSCL3, pSCL2 and
pSCL1. These results confirm that the entirety of pSCL4 is missing from the M1 strain, as well

as the chromosome ends, while pSCL3, pSCL2 and pSCL1 remain intact.

The Illumina reads coverage map for strain M2 is presented on Figure 6.7. This figure shows
reads aligning to the chromosome sequence, except for the ends, which correlates with the
colony PCR results described in the previous section. In this case, the missing ends were
extended further by a much lower number of reads as compared to the rest of the
chromosome coverage, however, no reads were observed for the chromosome telomeres.
Similarly to the M1 map, very few reads aligned to the pSCL4 sequence. A new small section
of reads that aligned towards the left arm of the megaplasmid was found on the M2 map
that was not present on the M1 figure. In addition, we obtained reads for all the sequence of
pSCL3, with the exception of a small internal region at the left arm of the plasmid.
Furthermore, we observed reads for all the pSCL2 and pSCL1 sequences. These results
suggest that the M2 strain lacks the megaplasmid pSCL4 and the chromosome ends, while
maintaining pSCL3, pSCL2 and pSCL1. Additionally, the presence of reads for a region of pSCL4
suggests that a translocation event from pSCL4 to another replicon might have occurred

during curing the megaplasmid.
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Figure 6.6. lllumina reads of the WT (S. clavuligerus DSM 738) and mutant strain M1 mapped on the
WT assembly. View from IGB.
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Figure 6.7. lllumina reads of the WT (S. clavuligerus DSM 738) and mutant strain M2 mapped on the
WT assembly. View from IGB.
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In the case of the mutant strain Mc3, Illumina reads aligned to most of the chromosome
sequences, with the exception of the sequence ends, in a similar way to the other mutant
strain M1 (Figure 6.8). In the same way, no reads aligned to sequences exclusive of pSCL4.
Only reads that aligned to the tap-tpg operon were present this time, as this strain contains
an additional copy of pSCL4 tap and tpg on the chromosome. In addition, very few reads
were observed that aligned to pSCL3, and the regions with higher coverage contain genes
homologous to those located on the chromosome. In contrast, we obtained reads that
covered the whole sequences of pSCL2 and pSCL1. These results confirm the loss of pSCL4 in
mutant strain Mc3, as well as the loss of pSCL3 and chromosome ends, while pSCL2 and pSCL1

remain present and conserve their whole sequence.

In order to further assess the loss of the chromosome ends on the mutant strains, we
constructed Figure 6.9. In this figure, the Illumina reads from the WT, and mutant strains M1,
M2 and Mc3 are mapped onto the first and last 300 kb of the WT chromosome sequence. As
expected, the WT reads show a full coverage of the chromosome ends. The strain M1 exhibits
loss of the first 108 and last 177 kb of the chromosome. In the case of strain M2, reads
exhibiting an expected chromosomal coverage depth suggest this strain is missing the first
178 and last 270 kb from the chromosome sequence. However, reads with much lower
coverage depth are observable beyond these points, which suggest that either these regions
were maintained on a separated replicon, or that the sequenced DNA came from a
population of strains with different genotypes. Lastly, the Illumina reads obtained for Mc3
show how this strain is missing the first 55 and last 155 kb of the chromosome sequence.
Overall, these results confirm that the three mutant strains are missing different lengths of

the chromosomal ends.

Furthermore, read coverage maps and visualisation of BAM files allowed the observation of
a difference in coverage for the smallest plasmid pSCL1 of the mutant strains from the WT
sequencing data. In order to quantify the difference in read coverage for this and the rest of
the plasmids, mean coverage values were obtained individually for each replicon of the three
mutants. Additionally, considering mean coverage as an estimation of replicon copy number,
the mean coverage values for the chromosome were normalised to 1, and the
replicon:chromosome ratios were calculated for the rest of the plasmids. The results are
presented on Figure 6.10. As it was expected the calculated ratios for the megaplasmid

pSCL4 were close to 0 on the three mutant strains (M1: 0.02, M2: 0.03 and Mc3: 0.02).
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Figure 6.8. Illumina reads of the WT (S. clavuligerus DSM 738) and mutant strain Mc3 mapped on the
WT assembly. View from IGB.
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Figure 6.9. lllumina reads of the WT (S. clavuligerus DSM 738) and mutant strains M1, M2 and Mc3
mapped on the WT chromosome sequence ends: first 300 kb as left end and last 300 kb as right end.
View from IGB.
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Figure 6.10. lllumina sequencing reads mean coverage for each replicon of the WT strain (S.
clavuligerus DSM 738) and mutant strains M1, M2 and Mc3, presented as replicon:chromosome ratio.
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In the case of pSCL3, the calculated ratios were reduced from 0.7 on the WT t0 0.27, 0.46 and
0.04 on M1, M2 and Mc3 respectively. In contrast, the values for pSCL2 on the mutant strains
(M1:2.31, M2:2.27 and Mc3:2.43) do not show a substantial variation from the WT (2.5).
Interestingly, the calculated ratio for the pSCL1 plasmid has considerably increased on the
mutants. Strain M1 shows a value of 3.04, M2 3.87, and Mc3 2.24, in contrast to the WT ratio
of 1.07. These results suggest that pSCL1 copy number might have increased 2-, 3- and even
4-fold on the pSCL4-free strains. However, the large variation in coverage depth for pSCL1

implies this could also be due to a flawed sequencing of this replicon.

6.3 Translocation of 50 kb region from pSCL4 to pSCL3 on strain M2.

As mentioned on the previous section, visualisation of Illumina reads coverage maps allowed
identification of a region on the pSCL4 sequence where reads obtained from sequencing of
the M2 strain aligned. This characteristic was exclusive to the M2 strain. Moreover, the PFGE
results presented on section 6.1 show how the M2 sample exhibits a larger band for the
pSCL3 plasmid, which suggested the acquisition of <100 kb of material. Considering this, we
hypothesise that the 50 kb region from pSCL4 was translocated to pSCL3 during curing pSCL4.
In addition, it is observable that the pSCL4-50kb region exhibits a similar read coverage depth
to that of pSCL3, as illustrated in Figure 6.11A. Also, the fact that the pSCL3 map of M2 reads
shows a missing region of around 13 kb on pSCL3 for this strain, suggests that this could be

the insertion point which again correlates with our theory.

In order to find evidence of this transposition event, we screened the sequencing data of M2
assembled by Unicycler. Unfortunately, no contig was found to extend to both pSCL4 and
pSCL3 sequences. Furthermore, we decided to study these regions at the lllumina read level.
It was then observed that reads aligning to the beginning of the pSCL4-50kb region had their
mate read at the end of the missing 13kb region of pSCL3. Similarly, reads at the end of the
pSCL4-50kb region had their mate read located right before the 13kb missing region of pSCL3.
The location of these paired reads is illustrated on Figure 6.11B. These results confirm that
indeed the 50 kb region from pSCL4 was translocated to that specific region of pSCL3 on the

M2 mutant strain.
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Figure 6.11. Transposition of 50 kb region from pSCL4 to pSCL3 on the M2 strain. A: lllumina reads of
the WT (S. clavuligerus DSM 738) and mutant strains M1, M2 and Mc3 mapped on the WT pSCL4,
pSCL2 and pSCL2 sequences. View from IGB. The green arrow indicates the translocated region from
pSCL4, and the orange arrow indicates the insertion point in pSCL3. B: Reads of the strain M2 mapping
to regions of the WT pSCL4 and pSCL3 sequences of the translocated region and insertion point. The
red arrows indicate the location of the paired reads
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Furthermore, in order to study the translocated genes from pSCL4 to pSCL3, we obtained the
annotations of both the translocated pSCL4-50kb region and missing pSCL3-13kb region as
presented on Figure 6.12. It was confirmed that the translocated region contains genes
encoding 50 hypothetical proteins, transcriptional regulator, putative transposase,
acetyltransferase, two DNA-binding proteins, aminodeoxychorismate lyase and a small Ras-
like GTPase. We also observed that this region includes the biosynthetic gene cluster
predicted by antiSMASH as a novel lassopeptide (Cluster 2 in Table 4.7). We were particularly
interested on the putative transposase feature, as it could be responsible of the
translocation. Protein blast analyses suggested that this protein belongs to the IS360 family
of transposases. However, no insertion sites for IS360-type transposition were found on the
pSCL3 sequence, or I1S360 inverted repeats on pSCL4. Moreover, we observed a 15 kb region
of homology between the sequences of pSCL4 and pSCL3 at the translocation points as
indicated on Figure 6.12. Around 6 kb of these 15 kb of homology are missing from the M2
sequence of pSCL3 and were potentially replaced by the homologous material from pSCLA4.
These results suggest that the translocation could have occurred by homologous

recombination between the plasmids.

6.4 Identification of attB site on the S. clavuligerus chromosome for $BT1

integration.

On Chapter 5, we described the successful integration of $BT1-based plasmids such as pLIS22
and pMS82, which is mediated by recognition of attB site on the chromosome. However, the
attB site for ¢BT1-integration on S. clavuligerus is unknown. The mutant strain Mc3
originates from the tap-tpg-duplicated strain SCLA22, which carries pLIS22 on the
chromosome, and so, in order to locate this integration point, we screened the sequencing
data obtained for Mc3. Sequences matching to the pLIS22 plasmid were found on two contigs
obtained from assembling the Mc3 reads using Unicycler, these are contigs 363 and 136.
These two contigs extend each side of pLIS22 to the chromosome sequence, which allowed
construction of the map containing the plasmid integrated on the chromosome (Figure

6.13A).

In addition, characterisation of the integration point allowed us to identify the attB site on S.

clavuligerus. The site is composed of the following sequence of 9 nucleotides: GGTGACCCA,
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Figure 6.12. Annotated regions of the WT sequences of pSCL4 (377,996 — 437,482 bp) and pSCL3 (108,590 — 167,590 bp, inverted) where the translocation
event happened. The homologous features are linked by red lines.
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Figure 6.13. Identification of attB sites on S. clavuligerus chromosome for ¢pBT1-integration. A: Map of the integration of construct pLIS22 on the
chromosome obtained by mapping of the Mc3 contigs 363 and 136. B: Alignment of the integration points on the S. clavuligerus and S. coelicolor
chromosome and the pMS82. The attB/P sites are indicated by the black box.
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and the plasmid integrated between the first and second guanine nucleotides. This sequence
was also identified by aligning the integration point to the S. coelicolor and pMS82 sequences
carrying the attB and attP site respectively that have the following sequence: AGTGATCCA
(Figure 6.13B). Furthermore, the high similarity of these regions between S. clavuligerus and
S. coelicolor evidences the conservation of the ¢BT1-integration site between different

Streptomyces species.

In summary, with these results we report identification of the attB sites on the S. clavuligerus

chromosome for integration of $pBT1-based plasmids.

6.5 Strains M1 and M2 carry circular chromosomes.

Considering the three mutant strains M1, M2 and Mc3 are missing the chromosome ends,
we decided to study the possibility of the circularisation of the chromosome induced by the
loss of the megaplasmid. Firstly, we examined the first and last sets of Illumina sequencing
reads that mapped to the WT chromosome sequence. In the case of the M1 strain, we
observed that some of the first reads (left arm) had their paired mate read located towards
the right end, as illustrated on Figure 6.14A, which suggest circularisation of the chromosome
at that point. When investigating the data for the M2 strain, we found a similar event where
reads located on the left arm end have their mate read towards the right arm end. However,
we observed two specific locations where this occurred on the M2 data. The first location
links reads at the beginning of a low read coverage region, and 282 kb upstream of the end
of reads (presented in yellow in Figure 6.14A). The second location links reads at the start
and end of regions with a similar read coverage depth to the rest of the chromosome
sequence (presented in green in Figure 6.14A). This suggests that the sequenced data could
have belonged to mixed populations of S. clavuligerus mutants carrying chromosomes that
circularised at different points. Given the difference in read coverage, we consider the one
exhibiting the highest coverage depth as more abundant, and so, the one we will regard as
circularisation point for the sequence of strain M2. In contrast to M1 and M2, no linkage
between reads at both arms was found for the Mc3 strain. These results show that the raw
Illumina sequencing data suggest that chromosomes of M1 and M2 are circular. The

predicted junction and size are illustrated on Figure 6.14B.
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Figure 6.14. Chromosome circularisation on strains M1 and M2 A: lllumina reads from M1 and M2
mapped to the WT chromosome ends. The letters represent the position of paired reads: reads at A
have their mate reads at B. M2 data shows two points of circularisation (green and yellow). B:
Schematic representation of predicted chromosomal circularisation occurred at those specific points.
Not at scale.
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Furthermore, we searched for chromosomal circularisation evidence on the assembled
genome data of the three strains. In the case of M1, we found a contig (contig 489) that
extended to both the left and right arm ends of the chromosome. A circular version of the S.
clavuligerus chromosome was constructed using this contig 489 to fuse both arms. This was
used to compare to the original junction points as presented on Figure 6.15A. The fusion
occurred at a gene encoding a hypothetical protein from the left arm and a gene encoding
an ABC transporter permease from the right arm of the chromosome. In addition, in order to
study the junction from a nucleotide level, we constructed an alignment with the original left
and right arm sequences and the contig 489 sequence. The alignment showed an overlapping
region of 6 nucleotides (GTACGC) at the fusion point (Figure 6.15B). Given the short overlap,

we excluded the idea of circularisation by homologous recombination.

For the case of the M2 strain, we identified contig 446 that aligned to both the left at right
arm of the chromosome. Similarly to the M1 sequence, we constructed a circular
chromosome form using this contig and compared to the original sequences at the junction
point. As presented on Figure 6.16A, the fusion happened between a gene encoding a
putative cytochrome P450 hydroxylase at the left arm, and a gene encoding the B chain of a
potassium-transporting ATPase at the right arm. An alignment was also constructed for this
strain at the junction. In contrast, no homology was identified at the fusion point for this
strain (Figure 6.16B). In the case of the Mc3 strain, no contigs were identified to extend the

left and right arm of the chromosome.

Moreover, in order to obtain physical evidence of the chromosome circularisation, we
performed a PCR analysis to amplify the circularisation junction. Firstly, primers were
designed so they would anneal towards the ends of the predicted sequences of M1, M2 and
Mc3 following divergent orientations (Figure 6.17A). The primers were named: M1-junction-
F/R, M2-juction-F/R and Mc3-juction-F/R (Table 2.5 in Chapter 2). PCR amplification was then
performed from genomic DNA of the three mutant strains using the described primers and
the PCR products were separated by gel electrophoresis. The gel showed bands for the
circularisation junction of M1 and M2 with the expected sizes of 1,1 kb and 0.88 respectively
(Figure 6.17B). In contrast, no bands were observed for junction of the chromosome arms on

the Mc3 strain.

To summarise, with these results we confirm that the M1 and M2 strains carry circular

chromosomes. In contrast no evidence was found for chromosomal circularisation in Mc3.
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TGCCG6CGCCE66CCCCCECEETECCETCCG6CEG6AAGGACGG6TGCCGTGGCGCGTGETE
TGCCGCGCCBGGCCCCCBCGGTGCCGTCCGGCGGAAGGACGGGTGCCGTGGCGCGTGGTG
TGCCGCGCCGGGCCCCCGCGOTGCCGTCCGGCGGAAGGACGGGTGCCGTGGCGCGTGGTG
GCCCCCGGCGGGCAGGACGCCCAGCTCCAGGGAGAAGAACCAGATGGCGAGCAGCCCCAG

TCTGCG6G6ACGCACGGCGGAGGACGGGGIGTACGCIGGCACCGGAGGTCGCGCGGTCGAACCE

TCTGCGGACGCACGGCGGAGGACGGGBGTACGCICCTCCCGTCCCCCGGGCCECCGGGGCE
TCTGCGGACGCACGGCGGAGGACGGGOGTACGCISGCACCGGAGGTCGCGCGGTCGAACCE
CCAGAAGACGGGGGCGGCTTCGAGGGCISTACGCIGGCACCGGAGGTCGCGCGGTCGAACCE

CCCG6CCCCGGCG6C666CGGCGAG6ACGCCGAGCGCGGTGCCGAGGACGACGGCGAGGAG

C6GGGGAGTGCCTGCGAGCCOTCACGACGCAGGCGGBACCCCAGTGGCACGACGGGAGGE
CCCGCCCCGOCGGCGGGCGGCGAGGACGCCGAGCGCGGTGCCGAGGACGACGGCGAGGAG
CCCGCCCCOGCBGCGGGCGGCGAGGACGCCGAGCGCGGTGCCGAGGACGACGGCGAGGAG

Figure 6.15. Circularisation junction of M1 chromosome A: Graphic representation of 5 kb region
where chromosomal circularisation occurred in strain M1, and the same regions on the WT
chromosome. B: Alignment of 180 bp region of circularisation junction in M1 (Contig 489) and the
original sequences from WT chromosomal left and right arms. The black box indicates the fusion point
with 5 bp of overlap. Consensus is highlighted in yellow.
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TGGAGGAGCAGATCGCCGCCATGGCGGACHGCGCGCBCGCGTGGACGCCGTCGCGGCCGA
CGGCGCGGGCG6CGGGGTGGACBAGGBCGGTBCGCGCGCGCGTGGACGCCGTCGCGGCCBA

GGGCGGCACCCCGCTGGCGGTGGCCOGTCGAGGACGGCOAAGGCGCCCGOGTGCTGGGGGT

CCAAGCGGACCGCGCCCACCGACGACCTGCTCAGCBACCTCGTCACCGACGGCGGGTTCA
GGGCGGCACCCCGCTGGCGGTGGCCGTCGAGGACGGCGAAGGCGCCCGGGTGCTGGGGGT
GGGCGGCACCCCOCTGGCGOTGGCCOTCGAGGACGOCOAAGGCGCCCGGOTGCTGGGGET

Figure 6.16. Circularisation junction of M2 chromosome A: Graphic representation of 5 kb region

where chromosomal circularisation occurred in strain M2, and the same regions on the WT

chromosome. B: Alignment of 180 bp region of circularisation junction in M2 (Contig 446) and the

original sequences from WT chromosomal left and right arms. The black line indicates the fusion point.

Consensus is highlighted in yellow.

180



M1 | Aottt o dubibl ik
: <= -
2 | e bk ity Bl .
, < —_
Mc3
. « 188 e 200 00 haadhaad A 400 e 4,90 e * &, 400 A 4100

Chromosome left end Chromosome right end

0.5-

Figure 6.17. PCR analyses confirm chromosomal circularisation in M1 and M2 A: lllumina reads from
M1, M2 and Mc3 mapped to the WT chromosome ends. The red arrows indicate the location and
orientation of the six primers used. B: Gel electrophoresis of the PCR results from amplification of
circularisation junction of M1, M2 and Mc3.
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6.6 Identification of the missing annotations on the pSCL4-free strains.

Considering the loss of pSCL4, chromosome ends, and in the case of strain Mc3, pSCL3, many
coding sequences are missing from these mutant strains which can have important
consequences for the physiology of S. clavuligerus. In order to assess the missing genes on
the three strains, we first constructed the estimated genome sequences of M1, M2 and Mc3
by excluding the regions that have no read coverage such as the megaplasmid and
chromosome ends. These sequences were then annotated using RAST, and the annotation
subsystem were obtained for each strain. These were compared to the WT annotations at
both the chromosome level or whole genome, and the number of missing subsystems were
obtained and presented on Table 6.1. As observed on the table, the majority of missing
subsystems are due to the loss of the megaplasmid and few of them are missing from the

chromosome.

Furthermore, we established a list of the annotations located on the missing chromosomal
regions of the three strains in order to identify relevant chromosomal genes that these
strains are lacking. The strain M1 lacks a total number of 187 genes from the original
chromosomal ends, 92 of them were annotated as hypothetical proteins. M2 is missing 338
of the WT chromosome genes, 173 of them are hypothetical proteins. Mc3 lacks 133
chromosomal genes, of them 54 are hypothetical proteins. The complete list missing genes
with a known function is shown on Table Al in Appendix. We identified four transcriptional
regulator genes belonging to different families: an AfsR regulator, a MarR regulator, an AsnC
regulator and a LysR-type regulator, which are missing in the three pSCL4-free strains. In
addition, M2 is also missing an AraC regulator, another LysR regulator and two AcrR-type
regulators. Furthermore, M1 and M2 also lack a transcriptional regulator homologous to a
SARP regulator in Streptomyces sparsogenes, as confirmed by NCBI BLAST. These types of
transcriptional regulators are often associated with the regulation of secondary metabolism
and aerial mycelium development in streptomycetes. In addition, in order to confirm if these
missing chromosomal genes in the pSCL4-free strains contain any of the genes from the core
genome of S. clavuligerus that was established on Chapter 4, we created a BLAST database
using the amino acid sequences belonging to the core genome, and subsequently performed
BLAST searches using the annotations of the missing regions as query. These analyses
identified the same two amino acid sequences on the missing regions of the three strains,
which were identified as a hypothetical protein and an MFS (major facilitator superfamily)

transporter by NCBI Protein BLAST. In addition, six more proteins were identified on the
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missing regions from the M2 strain that includes proteins of the following families:
metallophosphoesterase, electro transfer flavoprotein, NADPH:quinone oxidoreductase,

acyl-Coa dehydrogenase and another MFS transporter.

These results served as an estimation of the differences between the annotations of the WT
and the pSCL4-free strains and they will be contrasted to the physiological observations of
these strains. In order to characterise the physiology of these mutant strains we decided to
further investigate their growth, morphology and production of clavulanic acid in contrast to

the WT.

183



Table 6.1. List of estimated RAST annotation subsystems missing on the mutant strains M1, M2 and

Mc3 in reference to the WT (S. clavuligerus DSM 738). Chrom: number of missing subsystems from

the chromosome exclusively. Total: number of missing subsystems from the whole genome.

M1 M2 Mc3
Annotations Subsystems Chrom Total Chrom Total Chrom Total
Amino acids and derivatives 10 53 15 55 10 59
Carbohydrates 9 37 14 42 9 39
Protein metabolism 0 23 0 23 0 25
(g::);‘fl:tsc?r;i,gvni::rr:isns, prosthetic 0 18 0 17 0 2
Fatty acids, lipids and isoprenoids 11 29 14 32 10 30
Respiration 0 5 2 7 0 5
Nucleosides and nucleotides 0 2 3 5 0 3
DNA metabolism 0 0 1 0 0 6
Membrane transport 0 23 1 24 0 24
Stress response 2 2 3 3 2 2
RNA metabolism 0 1 1 2 1 1
Virulence, disease and defence 0 8 1 9 0 8
Phosphorus metabolism 0 8 0 8 0 8
Iron acquisition and metabolism 0 0 0 0 0 0
Cell wall and capsule 2 22 2 22 2 22
Regulation and cell signalling 0 4 0 4 0 4
Metabolism of aromatic compounds 2 6 2 6 2 6
Secondary metabolism 0 0 0 0 0 1
Potassium metabolism 0 0 1 1 0 0
Dormancy and sporulation 0 1 1 2 0 1
Nitrogen metabolism 0 0 0 0 0 0
Sulphur metabolism 0 12 0 12 0 12
zlarﬁz,tsrophages, transposable 0 5 0 5 0 5
Miscellaneous 0 4 1 5 0 4
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6.7 Characterisation of the growth of plasmid-free strain in liquid cultures.

In order to study the influence of the megaplasmid on the growth of S. clavuligerus, we
obtained growth curves for the pSCL4-free strains M1, M2 and Mc3, as well as the WT strain
(S. clavuligerus DSM 738) in liquid cultures. For this, the four strains were pre-grown for 30
hours in TSB media. The samples were then standardised to the same ODgso and inoculated
in 24-well plates with TSB media. The strains were incubated for 72 hours, and ODeoo
measurements were taken every 30 minutes. The Napierian logarithm of the ODggo values
were calculated and plotted against time to obtain the growth curves (Figure 6.18A). The
graph shows that all the S. clavuligerus strains follow a typical growth curve profile, with an
exponential or log phase during the first 20 hours, and a stationary phase the following hours.
The mutant strains M1 and Mc3 presented a very similar profile to the WT throughout the
three days of culture, and in particular, at the exponential phase where they presented
almost the same ODggo values. On the other hand, strain M2 exhibited a delayed start of
exponential phase, reaching a linear correlation at around 10 hours from inoculation.

However, M2 presented a similar stationary phase to the other strains.

Furthermore, the Specific Growth Rate (u) was calculated to further quantify the fitness of
the strains. For this, we selected the time points exhibiting a linear correlation during log
phase for each strain and calculated the slope value (u). This resulted in the following values:
0.31, 0.34, 0.41 and 0.33 for WT, M1, M2 and Mc3 respectively (Figure 6.18B). Statistical
analyses confirmed that M2 had a significantly increased p value in reference to the WT
growth rate. In contrast, no significant difference was confirmed between the growth rate of

M1, Mc3 and WT.

These results suggest that the loss of the megaplasmid does not have a negative effect on
the vegetative growth of S. clavuligerus, and it can even increase the growth rate as it is the

case of the M2 strain.
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Figure 6.18. Growth of pSCL4-free strains in liquid cultures. A: Growth curves of S. clavuligerus strains
WT (DSM 738), M1, M2 and Mc3 in TSB media. ODsoo was recorded for 72 hours every 30 minutes. B:
Specific growth rate (u) of each strain. p was calculated using the time points at log phase that follow
a linear correlation. Error bars represent the standard deviation. *: p<0.05.
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6.8 Microscopic characterisation of pSCL4-free strain confirms they present

shorter, thinner, and more frequent branches.

While the growth curves data suggests that the loss of the megaplasmid does not
compromise the growth of S. clavuligerus in liquid media, solid cultures of these mutant
exhibited different morphologies (Figure 6.19). The strains M1 and Mc3 showed decreased
aerial hyphae formation, while M2 presented abundant aerial hyphae when grown on S.
clavuligerus sporulation media (L3M9) for 3 weeks. However, none of the mutants exhibited
sporulation, in contrast with the WT that showed ample spore formation on this media. In
order to further characterise the morphology of the pSCL4-free strains, we obtained
microscopic images of the three mutant strains and the WT using an inverted widefield epi-
fluorescence microscope. For this, the four strains were grown on glass coverslips inserted in
L3M9 agar for 5 to 35 days. The cells were then fixated and stained using the Schwedock
Staining procedure, which uses fluorescein isothiocyanate-wheat germ agglutinin (FITC-
WGA) to dye the peptidoglycan, and propidium iodine to dye the nucleic acids. Phase
contrast images were taken, as well as fluorescence images using a FITC emission filter that
allows visualisation of stained peptidoglycan in green, and a 600 nm emission filter to
visualise the nucleic acids in red. 10 images were taken of each sample grown for 5, 8, 15 and
35 days. The images channels were split, and the fluorescence green and red channels were

merged in order to obtain the phase contrast and the fluorescence images separately.

The images obtained from the WT sample grown for 5 days, exhibited long, hyphae that were
often grouped in parallel and they branched into new hyphae of similar width and variable
length. In contrast, the M1 sample presented generally short and curled branches that are
considerably thinner than the main hyphae. In the case of the M2 sample, the hyphae
presented short branches that occurred substantially more frequent than on the parent
strain. Similarly to M1, the Mc3 sample presented thin and curled branches in contrast to the
WT. Examples of images taken from samples growth for 5 days are illustrated on Figure 6.20.
The fluorescence images allowed visualisation of the peptidoglycan wall in green, which was
brighter on the younger branches, while on older hyphae the nucleoids presented in red were

more visible.
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Figure 6.19. The four strains of S. clavuligerus: WT (DSM 738), M1, M2 and Mc3 grown on L3M9 media.
Images taken after 3 weeks of inoculation.
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Figure 6.20. Examples of microscopy images of strains WT (S. clavuligerus DSM 738), M1, M2 and Mc3
grown on L3M9 agar for 5 days. Images obtained with an inverted widefield epi-fluorescence
microscope. Phase contrast images are on the left. Fluorescence images are on the right; the
peptidoglycan stained with fluorescein isothiocyanate-wheat germ agglutinin (FITC-WGA) is presented
in green under a FITC emission filter; nucleic acids stained with propidium iodine and are presented in
red under a 600 nm emission filter. Scale bar: 10um.
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The samples of WT mycelium grown for 8 and 15 days presented similar looking hyphae, with
the addition of curled hyphae and some sporulation on the sample from day 15 (Figure 6.21)
At day 35 the WT mycelium exhibited less integrity and abundant sporulation. In the case of
the pSCL4-free strains, the samples grown for 8, 15 and 35 days maintained a similar pattern
of short thin frequent branches to the samples from day 5. Moreover, no evidence of

sporulation was found for the M1, M2 and Mc3 strains at any stage.

In general, visualisation of these microscopic images suggested a poor hyphal development
of the pSCL4-free strains in comparison to the WT. Furthermore, in order to quantify these
morphological differences of the mycelium of the four strains, we measured and compared
the following aspects: branch length, hyphae width and inter-branch distance as indicated in
Figure 6.22. In order to measure the length of the branches, we utilised the Simple Neurite
Tracer plugin in the FlJI software on phase contrast images, which involved manual
localisation of the start and end of the branch. The start was considered the branching point
on the parent hypha, and the end was considered the tip of the branch. All the possible
branches were measured on the 160 images (10 images x 4 samples x 4 time points). The
width of the hyphae was measured using FlI straight line selection on phase contrast images,
which consisted of manually selecting the width of the hyphae by a straight line that was
subsequently quantified. A minimum of 10 measurements were taken on each image, 160
images in total. Lastly, in order to quantify the branching frequency, the inter-branch
distance was measured and compared between strains. For this, we utilised the Simple
Neurite Tracer plugin (FIJI) again on phase contrast images by manually localising the
branching points on the main hyphae. All the possible inter-branch distances were measured
on the 160 images. Violin plots were constructed for each strain using the measured values

of the four time points and statistical analyses were performed.

Measurements obtained from images taken at day 5 from inoculation confirmed the three
pSCL4-free strains M1, M2 and Mc3 exhibited significantly shorter branches than the WT
strain at this stage (Figure 6.23). Similarly, the width of the hyphae from these three mutant
strains was significantly lower than the WT. In addition, the measurements of inter-branch
distance showed that M1, M2 and Mc3 have significantly lower values, and therefore, higher

branching frequency at day 5.

190



Figure 6.21. Examples of microscopy images of strains WT (S. clavuligerus DSM 738) grown on L3M9
agar for 15 and 35 days, exhibiting hyphae curling and sporulation. Images obtained with an inverted
widefield epi-fluorescence microscope. Phase contrast images are on the left. Fluorescence images
are on the right; the peptidoglycan stained with fluorescein isothiocyanate-wheat germ agglutinin
(FITC-WGA) is presented in green under a FITC emission filter; nucleic acids stained with propidium
iodine and are presented in red under a 600 nm emission filter. Scale bar: 10um.
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Figure 6.22. Representation of how the three aspects (branch distance, hyphae width and inter-branch
distance) were measured on phase contrast images of S. clavuligerus mycelia. The yellow arrow
indicates the distance that was quantified.
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Figure 6.23. Violin plots representing the distribution of the branch length, hyphae width and inter-
branch distance measurements for each strain on day 5 from inoculation. The circles indicate the
median. ****: p<0.0001, in reference to the WT. Examples of phase contrast images of the four strains
at day 5.
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The images taken of mycelium after 8 days from inoculation, showed a similar short and thin
branches pattern for the three plasmid-free strains compared to the WT (Figure 6.24). The
M1 and M2 strains also showed significant lower inter-branch distance than the WT, while

no significance was found between the branching frequency of Mc3 and the WT at this point.

At day 15, it was observed that the significant lower values of branch length and hyphal width
on the mutant strains were maintained with the exception of strain M2 that did not exhibit
significant difference from the WT in hyphae width (Figure 6.25). In addition, M1 also showed
an increased branching frequency while M2 and Mc3 exhibited similar values to those

obtained from the WT images.

In contrast to the previous days, measurements from the images taken on day 35 from
inoculation indicated that the strains M2 and Mc3 present a considerably larger distribution
of different branch length measurements, which brought the mean branch length of these
two samples to be significantly higher than the WT (Figure 6.26). The hyphal width was still
generally lower in the three plasmid-free strains than in the WT samples at this point. No
significant differences were observed for branching frequency for the WT, M1 and M2
samples while images from the Mc3 strain indicated a higher distance between branches.
However, the difference in the branch length and inter-branch distance distribution pattern

at this stage could be due to increased mycelial lysis and, in the case of the WT, sporulation.

In summary, observation and quantification of microscopic images confirm that the three
pSCL4-free strains exhibit generally shorter and thinner mycelial branches as well as no
sporulation. In addition, M1 and M2 present significantly more frequent branching than the

WT.
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Figure 6.24. Violin plots representing the distribution of the branch length, hyphae width and inter-
branch distance measurements for each strain on day 8 from inoculation. The circles indicate the
median. ¥***: p<0.0001, *: p<0.05 in reference to the WT. Examples of phase contrast images of the
four strains at day 8.
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Figure 6.25. Violin plots representing the distribution of the branch length, hyphae width and inter-
branch distance measurements for each strain on day 15 from inoculation. The circles indicate the
median. ¥***: p<0.0001, ***: p<0.001, *: p<0.05 in reference to the WT. Examples of phase contrast
images of the four strains at day 15.
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Figure 6.26. Violin plots representing the distribution of the branch length, hyphae width and inter-
branch distance measurements for each strain on day 35 from inoculation. The circles indicate the
median. ****: p<0.0001, ***: p<0.001, **: p<0.01 in reference to the WT. Examples of phase contrast
images of the four strains at day 35.
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6.9 The pSCL4-free strains M1 and Mc3 exhibit decreased clavulanic acid

production.

Our initial theory follows the idea that curing the megaplasmid would decrease the number
of coding sequences by 21%, which would decrease the metabolic burden of the organism
helping to improve the production of clavulanic acid. In order to prove this, we tested the
production of clavulanic acid on our pSCL4-free strains M1, M2 and Mc3. For this, we grew
the strains in liquid culture, and the supernatant was used for the clavulanic acid production
assay. This assay is based on the reaction of clavulanic acid with imidazole that yields a

derivative absorbing at 324 nm, which is detectable by a spectrophotometer.

Fermentations were initially performed by growing the WT, M1, M2 and Mc3 in TSB for 30
hours, and subculturing the strains at the same concentration of mycelium into fresh TSB for
further 72 hours. The mycelium was then removed, and the supernatant used for the
imidazole assay. Nevertheless, no clavulanic acid was detected from these fermentations for

any strains.

The fermentations were then repeated, this time we used the GSK production broth for
clavulanic acid production: CM5 medium. The strains were still pre-grown in TSB and
subsequently inoculated at the same concentration in CM5, and grown for 72 hours.
Following the imidazole assay, a concentration of clavulanic acid of 4.38 ug per ml of culture
in the WT samples was detected as presented on the graph in Figure 6.28. In contrast, no
clavulanic acid was detected in the cultures of the mutant strains. Nevertheless, the amount
detected on the WT is still considerably low compared to the GSK early production strains,
that exhibit at least 200 pg/ml of CM5 broth (S. Kendrew, GSK). This low production could be
due to a poor growth in this particular medium, however, since the media is composed of
soy protein concentrate and rape seed oil, quantification of the mycelium by measurement

of absorbance or cell dry weight was not possible.

In order to further investigate the performance of our strains in the GSK production medium,
we cultured the four strains on a solid version of the CM5 medium. As illustrated on the
images in Figure 6.29A, the WT strain showed abundant aerial mycelium while the three
pSCL4-free strains exhibit a bald phenotype on this medium. In addition, to study the
production of clavulanic acid in these cultures, we carried out some plug assays. For this, we
excised plugs from the CM5 plates and placed them on a lawn of ampicillin-resistance E. coli

(E. coli::pUC19) grown in the presence of carbenicillin. This assay is based on the idea that
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the ampicillin resistance would be inhibited in the presence of clavulanic acid, allowing the
carbenicillin in the media to prevent the growth of E. coli, which would be observable by the
presence of inhibition halos around the CM5 plugs. A clear inhibition zone was observed
around the WT plug, as well as around the plugs containing the M2 and Mc3, although both
of smaller size than the WT (Figure 6.29B). In contrast, no inhibition was observed for the M1
strain. These results suggest a potential production of clavulanic acid of the WT strain in CM5
medium, and to a lesser level the pSCL4-free strains M2 and Mc3. However, this activity could
be due to a combination of the action of clavulanic acid and cephamycin. In order to assess
the action of cephamycin alone, we repeated the same plug assay with wild type E. coli grown
in the absence of antibiotics. This resulted in inhibition zones of similar size than on the
previous experiment (Figure 6.29B). These results suggest that the observed bioactivity is
mainly due to the production of cephamycin, however, since the synthesis of cephamycin
and clavulanic acid is co-regulated, we could extrapolate the results to the production of

clavulanic acid.

Nevertheless, in order to quantify the amount of clavulanic produced by the four strains in
CMS5 agar, we extracted metabolites from agar plugs using double-distilled water. The
extracts were then used to carry out an imidazole assay. A graph was constructed indicating
the pg of clavulanic acid detected per g of agar, and statistical analyses were performed
(Figure 6.30). This graph indicates a clavulanic acid concentration of 52 ug/g of agar
containing the WT strain. The pSCL4-free strains M1 and Mc3 presented significantly less
clavulanic acid production, while M2 did not show any significant difference in clavulanic acid

production in comparison to the WT.

To summarise, no clavulanic acid was detected on liquid fermentations of pSCL4-free strains.
Additionally, a significantly decreased clavulanic acid production was observed on solid

cultures of the M1 and Mc3 strains.
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Figure 6.28. Clavulanic acid (CA) production from fermentation of the WT (S. clavuligerus DSM 738)
and the pSCL4-free strains M1, M2 and Mc3 in CM5 liquid medium.
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Figure 6.29. Bioactivity plug assay of S. clavuligerus strains WT, M1, M2 and Mc3 grown on CM5 agar.
A: The four strains grown on CM5 agar. B: Images of the bioactivity assays. Plugs of S. clavuligerus
cultures placed on E. coli lawns: ampicillin-resistance E. coli (::pUC19) grown in the presence of
ampicillin, and E. coli (wild type) grown in the absence of antibiotics. The media control: CM5 agar.
Clavulanic acid control: paper disc containing 10 ul of 400 pg/ml.
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Figure 6.30. Clavulanic acid (CA) production from extraction of the WT (S. clavuligerus DSM 738) and
the pSCL4-free strains M1, M2 and Mc3 grown on CM5 agar. CA concentration indicated in pug of CA
per g of agar. ****: p<0.0001 in reference to the WT.
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6.10 Is the megaplasmid conjugative?

In order to study if the megaplasmid pSCL4 is conjugative and if it was possible to restore the
WT phenotype in the mutants, we intended to conjugate pSCL4 back into one of our
megaplasmid-free mutants. For this, we utilised the S. clavuligerus SCLA405 strain as plasmid
donor and Mc3 as acceptor. SCLA405 comes from a crossover event of the WT pSCL4 with
pLIS405, that tagged the megaplasmid with an apramycin-resistance gene at the tap-tpg
operon. Mc3 contains a hygromycin-resistance gene at the attB/$BT1-integration site on the
chromosome. Using these two strains for conjugation of pSCL4 from SCLA405 to Mc3 would
allow identification of transconjugants by screening for strains that are resistant to both
apramycin and hygromycin (Figure 6.31A). For this, both parent strains were grown together
in the absence of antibiotics, and spores were harvested. The spores were then germinated
and grown in the presence of both apramycin and hygromycin. This resulted in
transconjugants resistant to both antibiotics, hence candidates for conjugation of pSCL4

(Figure 6.31B). This hygromycin and apramycin-resistant strain was called SCLA405-Mc3.

In order to confirm if this strain originated from the conjugation of pSCL4 into Mc3, we
performed a PFGE. In the case of conjugation of pSCL4 into Mc3, the gel should have shown
a band at 1,800 kb (pSCL4) but no band at 450 kb (pSCL3). However, both bands were
observed on the sample of SCLA405-Mc3, exhibiting a similar profile to the WT, in contrast
to Mc3 that showed only a band for pSCL2 (Figure 6.32A). Nevertheless, it could have been
a case of pSCL4 and pSCL3 conjugation into Mc3. Furthermore, in order to investigate the
topology of the chromosome and megaplasmid in SCLA405-Mc3, we extracted genomic DNA
and performed PCR analyses. The primers CaoChr-L-end-F and CaoChr-L-end-R were used to
amplify the chromosome telomeres from genomic DNA of WT, Mc3 and SCLA405-Mc3. The
primers CaoChr-L-end-F and SCL4-L-end-R2 were used to amplify the pSCL4 telomere.
Additionally, the primers FtsZ-Fw and FtsZ-Rv were used to amplify the ftsZ gene as a positive
control. The PCR products were then separated by gel electrophoresis. The image of the gel
presented on Figure 6.32B indicates that SCLA405-Mc3 carries both the chromosome and
megaplasmid telomeres and so, this strain maintains the WT ends of these two replicons and
a linear topology. These results confirm that unlike Mc3, SCLA405-Mc3 carries the plasmid
pSCL3 as well as the complete linear chromosome and pSCL4, which suggest that Mc3 was
not the parent strain and so the megaplasmid was not conjugated. It is more likely that a
recombination event occurred between the chromosomes of SCLA405 and Mc3, yielding a

strain similar to SCLA405 with the addition of the hygromycin-resistance.
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Figure 6.31. Plan for conjugating pSCL4 into Mc3. A: Schematic representation of the conjugation of
pSCL4 from SCLA405 to Mc3. X: chromosome, p: pSCL4, A: apramycin-resistance gene. H: hygromycin-
resistance gene. B: Plates of parent strains SCLA405 and Mc3 and daughter strains SCLA405-Mc3
grown on apramycin (Apra), hygromycin (Hyg) or both.
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Figure 6.32. A: PFGE of undigested samples of WT, Mc3 and SCLA405-Mc3. Electrophoresis performed
using HEPES buffer at 4 V/cm for 33 hours. Saccharomyces cerevisiae YNN295 was used as DNA size
standard (Bio-Rad). B: Gel electrophoresis of PCR products from genomic DNA of WT, Mc3 and
SCLA405-Mc3 using primers that anneal to the chromosome telomere, pSCL4 telomere and ftsZ.
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gene. This would explain how this strain appeared resistant to both apramycin and

hygromycin with still maintaining all the replicons complete.

6.11 Summary.

In this chapter we report the elimination of the megaplasmid pSCL4 from S. clavuligerus. This
was achieved by cleaving the plasmid partitioning gene parB with CRISPR/Cas9 technology.
This method has resulted a faster and simpler way for plasmid curing than traditional
methods that involve recombination, protoplast formation, or many cloning steps.
Additionally, PFGE was proven a good method for rapid screening of the cured candidates.
Consequently, we confirm that targeting genes involved in plasmid segregation with
CRISPR/Cas9, coupled with screening of mutant strains with PFGE, is a successful procedure
to obtain plasmid-free strains of S. clavuligerus, a fact that could be extrapolated for curing

giant linear plasmids in other Streptomyces species.

Three pSCL4-free strains: M1, M2 and Mc3, were chosen to be further studied. Their whole
genome was sequenced by Illumina technology which confirmed the loss of the
megaplasmid, as well as the loss of pSCL3 in the Mc3 strain, which agrees with the PFGE
results. The loss of pSCL3 in Mc3 is unlikely to be connected to a CRISPR/Cas9 cleavage of this
plasmid, as homology to the guide-RNA used is exclusive to pSCL4-parB and has low
homology to the pSCL3 sequence. In addition, pSCL3 carries its own partitioning genes and
so, a segregation machinery independent of pSCL4. Moreover, the fact that other pSCL4-free
strains maintained pSCL3 suggest that the elimination of this plasmid in Mc3 might have
occurred spontaneously. The studies of Alvarez-Alvarez et al., 2014 were done in a pSCL3-
free S. clavuligerus strain that is considered a wild type, which suggest that this plasmid is
not essential and its loss was probably spontaneous. For the case of the other two smaller
plasmids pSCL2 and pSCL1, sequencing data was obtained for the entirety of both replicons
on the three mutant strains, suggesting they have not been altered, and so they are
independent of pSCL4, which is again consistent with the pSCL4-free strain described by

Alvarez-Alvarez et al., 2014.

Sequencing data from these three pSCL4-free strains, allowed us to identify a translocation
of a 50 kb region from pSCL4 to pSCL3 in M2, which is consistent to the larger pSCL3 observed

by PFGE, making M2 the only strain that maintained some pSCL4 material after the curing.
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Interestingly, this region contains a putative novel lassopeptide biosynthetic gene cluster
that might be giving the M2 strain some specialised metabolism advantage that is missing in
the other two strains. Furthermore, sequences with high homology were found on the
inserted pSCL4 region and the insertion point in pSCL3 which suggests that this translocation
was achieved by homologous recombination between the two plasmids. This fact, together
with the spontaneous loss of pSCL3 in Mc3, emphasises how highly susceptible S. clavuligerus

is to genomic rearrangement.

Furthermore, we identified the attB sites for ¢BT1-based integration on the chromosome of
S. clavuligerus by examining whole genome sequencing data from the Mc3 strain. This site is
different to the attB site identified for ¢pC31-integration in S. clavuligerus described by
Combes et al., 2002, which is consistent with observations described by Gregory and Smith,
2003 in S. coelicolor. This finding will facilitate future experiments involving integration of
vectors carrying the $C31 attP-int locus into S. clavuligerus, allowing construction of an in

silico version of the expected integration to complement the experimental results.

Our results confirmed a chromosome circularisation occurred in strains M1 and M2
concomitant to the loss of pSCL4. Characterisation of the fusion points between the left and
right arms allowed observation of minimal or no overlapping sequences at the junctions,
which implies that the circularisation occurred by non-homologous recombination of both
arms. In addition, this fusion occurred at different locations within the chromosome on the
two strains, which confirms that the junction point is unspecific. A similar circularisation
event was reported in the studies by Nindita et al. on S. coelicolor and S. rochei (Nindita et
al., 2013; Nindita et al., 2015), where they also described the loss of much material at both
ends of the chromosome, similar to our strains where 100 to 300 kb were deleted. The
authors explained their observations through circularisation by deletion of the ends
occurring first and continued progressively until finding a fusion point that generated a stable
circular chromosome that could be maintained through future generations. This
circularisation occurs naturally as an adaptation to detrimental genetic modifications, and it
is stably maintained, in contrast to cases of artificially constructed circular chromosomes in
S. lividans and S. ambofaciens that yielded highly unstable strains (Lin and Chen, 1997; Volff
et al., 1997; Fischer et al., 1997). This theory could be applied to our strains, suggesting that
chromosome circularisation was induced by the loss of the chromosome ends, which, at the

same time, was induced by loss of the telomere-replication machinery. This fact implies that
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the chromosome utilises the Tap and Tpg proteins encoded on the megaplasmid, and its
action could not be complemented by the other two sets of terminal proteins encoded on
pSCL3 and pSCL2. This fact would also agree with the observations of Alvarez-Alvarez et al.,
2014, that described a loss of material at the chromosome right end when eliminating pSCL4.
These facts lead us to the conclusion that loss of the megaplasmid deprived the chromosome
of the proteins necessary for the replication and maintenance of the telomeres in the M1
and M2 strains, causing large deletions at the ends that were stopped by fusion of both arms

creating a stable circular chromosome.

In the case of the Mc3 strain, no evidence for chromosome circularisation was found. This
strain carries a copy of the tap-tpg operon from pSCL4 on the chromosome, and so, the
telomeres should have been maintained unlike in M1 and M2. However, this strain is missing
210 kb of end material (55 + 155 kb), suggesting the chromosome is still missing a proper
telomere-replication machinery. This could be due to the integrated tap-tpg not being
functional or that other genes present exclusively on pSCL4 are also necessary for
maintaining the chromosome ends. As it was observed on Chapter 4, there is another gene
present on pSCL4, pSCL3 and pSCL2 that is missing on the chromosome, the ttrA gene. This
gene is usually located at the very end of Streptomyces chromosome and plasmid sequences,
and it encodes a helicase-like protein thought to be involved in conjugal transfer (Huang et
al., 2003). In the studies done on S. rochei, complementation of plasmid-tap-tpg on the
chromosome was sufficient to maintain the telomeres in the absence of the plasmid (Nindita
et al., 2015); however, unlike in S. clavuligerus, the S. rochei chromosome carries two copies
of ttrA. Although the studies of Bey et al., 2000 confirmed that S. lividans strains with
truncated ttrA genes still maintained linearity, it would be interesting to investigate the

implications of TtrA in S. clavuligerus.

Characterisation of the growth of these pSCL4-free strains in rich liquid media confirmed the
loss of the megaplasmid has no negative effect on the fitness of S. clavuligerus. And in the
case of the M2 strain, a significant higher growth rate was observed; however this could be
due to a secondary aspect of this strain since is not consistent with the other strains, implying
the loss of pSCL4 is not directly related to an increased growth rate. In contrast, solid cultures
of the three strains exhibited poor development and/or no sporulation on solid media. This
was also confirmed in the microscopic images, where no spores were observed on the pSCL4-

free strains, even after 35 days from inoculation. Moreover, further characterisation of the
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mycelium morphology at a microscopic level lead us to the conclusion that the three pSCL4-
free strains exhibit significant shorter and thinner branches. Additionally, the M1 and M2
strains showed a significant higher branching frequency than the wild type. Short and thin
abortive branches have been previously linked to the absence of replisomes in these
secondary hyphae (Wolanski et al., 2011), however genes coding for proteins involved in
associating replisomes to hyphae tips such as DivIVA, FilP or the Par proteins are intact in
these pSCL4-free strains. Nevertheless, we identified a number of transcriptional regulators
present on the missing chromosomal regions of the three mutant strains that are often
associated with regulation of secondary metabolites biosynthesis and morphological
development. Examples of these are the MarR-type and the AsnC-type regulators located
towards the left end of the S. clavuligerus chromosome. Deletion of genes belonging to these
families of regulators have previously resulted in the delay of aerial mycelium and sporulation
of Streptomyces roseousporus and S. coelicolor cultured in solid media (Zhang et al., 2015;
Liu et al., 2017). Another deleted gene in the three pSCL4-free strain is a AfsR-type
transcriptional regulator, a family of regulators that have been proved to be involved in aerial
mycelium formation in S. griseus (Umeyama et al., 1999). Although many members of these
three families of transcriptional regulators are still maintained in the chromosome of the
three mutant strains, the loss of these genes might have repercussions on the morphological
development and be responsible for the poor aerial mycelial formation and lack of
sporulation exhibited on these strains and therefore, the action of these genes should be
further studied. In contrast, the morphological differences of the mutant strains could also
be due to the loss of pSCL4 alone. Interestingly, the pSCL4-free strains described on Alvarez-
Alvarez et al., 2014, were also reported as non-sporulating, which suggest the megaplasmid
might have a role in regulation of chromosomal gene expression. Another option would be
the effect of a circular chromosome might have on chromosome segregation or transcription.
Chen et al., 2010 reported strains of S. avermitilis carrying circular chromosomes exhibited a
bald phenotype however the specific effect of chromosome circularisation on the

development of mycelium is yet to be investigated.

Furthermore, the pSCL4-free mutants exhibited no clavulanic production in the GSK
production medium. Culturing these strains on solid GSK production medium confirmed that
pSCL4-free mutants develop poorly on this medium, which could explain the lack of clavulanic
acid production in liquid fermentation. Extractions from solid cultures also confirmed a

decreased clavulanic acid production in strains M1 and Mc3, while M2 extractions exhibited
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similar levels to the WT. These results confirm that the loss of the megaplasmid does not
have a positive effect on the production of clavulanic acid, revoking our initial theory. This
agrees with the results by Alvarez-Alvarez et al., 2014, who described a 20 to 30 % reduction
in clavulanic acid in pSCL4-free strains. This could be due to direct loss of regulatory genes in
pSCL4 or indirect deletion of chromosomal genes concomitant to chromosomal ends loss and
circularisation. Among the identified deleted transcriptional regulators in the chromosome
are the AfsR-type and LysR-type regulators. Members of these regulator families are known
to be involved in activating clavulanic acid production and so their loss might also explain the
decreased amounts of clavulanic acid in M1 and Mc3 cultures (Parajuli et al., 2005; Pérez-
Redondo et al., 1998). In general, we can conclude that curing the megaplasmid is not a
convenient resource for GSK to improve clavulanic acid production from S. clavuligerus, as it

reduces its performance even in optimum production media.

Finally, we attempted to conjugate the megaplasmid back into the Mc3 strain, but this was
unsuccessful. In contrast, we found evidence of inter-strain chromosomal recombination,
suggesting conjugation of the chromosome mediated by a plasmid. Although there is
evidence of conjugation of giant linear plasmid such as SLP2 from S. lividans and SCP1 from
S. coelicolor (Chen et al., 1993; Vivian and Hopwood, 1975), little is known about conjugation
of larger replicons such as pSCL4 or chromosomes, and so, it would be something to

investigate in future experiments.

In general, with these results we can confirm that S. clavuligerus can survive without pSCL4,
making it dispensable. However, pSCL4 is essential to maintain an optimum fitness and the
complete chromosome sequence. For this, eliminating pSCL4 does not represent an
advantage, especially for the point of view of GSK, and a different approach must be taken

for obtaining strains with improved production of clavulanic acid.
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7. DISCUSSION

7.1 Combined physical and genetic map of the S. clavuligerus genome.

Before this work, different publications suggested that S. clavuligerus carries a complex
genome architecture with the presence of several extra-chromosomal elements including
giant linear plasmids. However, all the replicons were poorly defined and not always detected
in this organism. In this work, we have obtained physical and computational evidence to

establish the complete genome sequence of S. clavuligerus DSM 738.

In Chapter 3 we described the development of the optimised method for Pulsed-field Gel
Electrophoresis of S. clavuligerus samples. This allowed visualisation of the three giant linear
plasmids: pSCL4, pSCL3 and pSCL2 as well as large chromosomal fragments digested with
restriction enzymes. This data was then used to corroborate the final assembly of the
genome of S. clavuligerus described in Chapter 4. This assembly was obtained from
combining whole genome sequencing and telomere purification, which resulted in the
complete sequences of chromosome (6,750 kb), pSCL4 (1,796 kb), pSCL3 (455 kb), pSCL2 (150
kb) and pSCL1 (12 kb). Comparing these data to the PFGE observations, we can confirm that
the sizes of the three giant linear plasmids correlate to the bands from undigested genomic
DNA separated by PFGE. These results evidence the benefits of utilising PFGE as a method
for confirming the presence and estimated size of giant linear plasmids in Streptomyces.
Additionally, PFGE performed on samples digested with restriction enzymes allowed
identification of bands that correlate to fragments obtained from in silico digest of the final
assembly. This was used to construct a combined genetic and physical map of the genome of
S. clavuligerus for two restriction enzymes as illustrated on Figure 7.1. This figure reflects
that there are more inssilico fragments than PFGE bands, which suggest that, either fragments
of similar size are represented by the same PFGE band, or some of the expected bands are
missing due to unspecific cleavage. Considering the PFGE band pattern visualised is
consistent among all the electrophoresis analyses, we are inclined to opt for the former
explanation, which stresses the importance of contrasting the PFGE and genetic data.
Nevertheless, no unexpected bands were observed on PFGE, showing again good correlation

between the physical and genetic data.
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Figure 7.1. Combined genetic and physical map of the genome of S. clavuligerus DSM 738. A: List of

Asel and Aflll in silico digest of the final S. clavuligerus genome assembly and the estimated PFGE band

they represent. B: PFGE of digested genomic DNA with Asel and Aflll indicating the bands by letters or

numbers. C: Constructed map of the genome of S. clavuligerus presenting the Asel and Aflll restriction

sites and the PFGE fragments (at scale).
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Unfortunately, nowadays the use of techniques such as PFGE have been minimised and
generally replaced by whole genome sequencing. And, although whole genome sequencing
techniques are now the fastest and simplest way to obtain good quality genome sequences,
corroborating with physical evidence is important, especially in organism with large linear
chromosomes and plasmids like streptomycetes. As we have evidenced with this work, whole
genome sequencing alone is not always sufficient to obtain complete and closed sequences
and PFGE remains a simple and economical procedure to confirm the presence and size of
genomic elements, as well as specific genetic material as it can be coupled to Southern
Hybridisation. In addition, as described on Chapter 6, PFGE is an optimum technique to

screen for mutant strains that have undergone genomic modifications.

To summarise, with this work we want to stress the benefits of utilising a combination of
computational analyses of sequence data and physical techniques like PFGE to investigate
the genome of S. clavuligerus, and which could be extrapolated to other Streptomyces

species.

7.2 Three sets of terminal proteins for five sets of telomeres.

As described in Chapter 4, we achieved purification and characterisation of the telomeres of
the chromosome and plasmids of S. clavuligerus. 1t was established that the chromosome
and megaplasmid carry almost identical telomeres while the other plasmids carried unique
telomeric sequences that only resemble each other on the last 13 bp (Palindrome 1).
Nevertheless, all the described telomeres carry archetypal secondary structures of four loops
that are key for the interaction with the terminal proteins. The diversity of these structures
suggested that either more than one type of terminal proteins is necessary to maintain the

different telomeres, or the same proteins act on different sequences in an unspecific manner.

From the sequencing data, we obtained evidence of the presence of three putative sets of
Tap and Tpg proteins in S. clavuligerus plasmids pSCL4, pSCL3 and pSCL2, that were further
characterised on Chapter 5. Although the actual interaction with the replicons telomeres is
yet to be investigated, with our results we can estimate the mechanism of these three sets
of terminal proteins. Considering the fact that S. clavuligerus carries five linear replicons, but
only encodes for three types of terminal proteins, we can confirm that at least one of the

sets must support more than one type of telomere during replication. While the telomeres
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of pSCL4, pSCL3 and pSCL2 are probably maintained by the proteins encoded in each plasmid,
the replication of the telomeres in the chromosome and pSCL1 is unclear. In order to explain
telomere replication of these two molecules we offer the following theory. According to
sequence similarity, which we illustrate in phylogenetic trees presented in Figure 7.2, the
chromosome and megaplasmid carry almost the same telomere and so they are most likely
supported by the same terminal proteins. In the case of pSCL1, its telomeres have a slightly
higher similarity to the ones in pSCL2 than to the rest, which suggest that the pSCL1
telomeres are most likely maintained by the proteins encoded in pSCL2 rather than by the
other two types. Additionally, regarding the secondary structures of the telomeres described
in Chapter 4 (also presented in Figure 7.2), chromosome and pSCL4 present exactly the same
folded form, supporting the idea that they interact with the same Tap and Tpg. In the case of
pSCL1 and pSCL2, they present similar secondary structures, particularly the palindromes |, Il
and lll. As confirmed by the work of Bao and Cohen, 2003, the second and third palindromes
are key for the recruitment of Tap to the telomeres, which lead us to think that the pSCL1
and pSCL2 telomeres might be able to recruit the same protein. The telomeres of pSCL3, on
the other hand, exhibit a unique secondary structure, with a distinct second palindrome that
does not resemble any of other telomeres of S. clavuligerus. In conclusion, the sequence
similarity and secondary structures of the telomeres suggest that the terminal proteins from
pSCL4 act on the telomeres of the chromosome and pSCL4, while the proteins from pSCL2
interact with the telomeres of pSCL1 and pSCL2 and the telomeres of pSCL3 are supported

by the proteins from the same replicon.

This theory agrees with the results observed in Chapter 6, following elimination of pSCL4,
and also pSCL3 in the case of the Mc3 strain. The fact that the telomeres of the chromosome
were eliminated in the absence of pSCL4 suggests that indeed the chromosome utilises the
proteins from this plasmid, and the action could not be complemented by the other two
terminal proteins of S. clavuligerus. Moreover, the telomeres of pSCL3, pSCL2 and pSCL1
remain stable in pSCL4-free strains, confirming the replication of these telomeres is
independent of the megaplasmid. In addition, the sequencing data from the pSCL4- and
pSCL3-free strain Mc3 indicates the conservation of the telomeres of pSCL2 and pSCL1,
suggesting they are independent of both pSCL4 and pSCL3, which corroborates our theory

that these two plasmids utilise the same terminal proteins.
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Figure 7.2. Maximum likelihood phylogenetic trees of the last 150 bp of the telomeres of S. clavuligerus chromosome and plasmids and S. coelicolor
chromosome; and the amino acid sequences of the Tap proteins of pSCL4, pSCL3, pSCL2 and S. coelicolor. Trees constructed in MEGA with 1000 bootstrap
replication and edited in iTOL. Secondary structures of the telomeres are shown next to the tree labels. As indicated by blue arrows, the Tap from pSCL3 supports
the pSCL3 telomere; the Tap from pSCL4 supports the chromosome and pSCL4 telomere; and the Tap from pSCL2 supports the pSCL2 and pSCL1 telomeres.

215



Although the utilisation of pSCL4 terminal proteins by the chromosome is not unexpected,
considering the high similarity of these two telomeres, the action of pSCL2 proteins on both
the telomeres of pSCL2 and pSCL1 is rather unique. The sequence identity between the last
150 bp of these two replicons is only 64%, implying a promiscuous telomere-protein
interaction of the pSCL2 terminal proteins. This also suggests that the secondary structure of
telomeres is more important that the nucleotide sequence for interaction with the terminal
protein. Although interaction of terminal proteins with more than one type of telomere has
not been previously described, we hypothesise that it is not an uncommon event. For
example, a similar case to S. clavuligerus is S. rochei. This organism contains two giant linear
plasmids pSLA2-L and pSLA2-M that carry tap and tpg genes, while the chromosome and the
smallest plasmid pSLA2-S carry none. This latter plasmid carries telomeres unique in the S.
rochei organism, yet they must be replicated by the proteins encoded on the other plasmids.
In addition, while the publication by Nindita et al., 2015 exhibited a different secondary
structure of the telomeres of pSLA2-S from the rest of the replicons, our observations
following the Clover Leaves model (Yang et al., 2017) confirm that this plasmid carries a very
similar structure at the palindromes | Il and Ill to the other telomeres. This agrees with our
conclusions regarding the telomeres of pSCL1 in S. clavuligerus and the importance of the

secondary structures for recognition of terminal proteins.

In addition, in Chapter 5 we described the observation of protein-protein interaction
between the same Tap proteins, as well as the same Tpg proteins. This suggests the possibility
of intramolecular interaction between the terminal proteins of each sequence end, giving
linear chromosomes and plasmids a circular conformation, an event that was also exposed
for S. coelicolor by the studies of Tsai et al., 2011. This publication also demonstrated
intermolecular interactions of proteins attached to chromosomal and plasmid telomeres.
Having this into account we can hypothesise that S. clavuligerus chromosome and pSCL4
might be interacting at the terminal proteins since they utilise the same ones. Similarly, pSCL2
and pSCL1 could be interacting at the telomeres. This would be an interesting aspect to
investigate in future in vivo experiments of S. clavuligerus by for example tagging Tap or Tpg
with a fluorescent protein, or even the different telomeres by fluorescent in situ

hybridisation.
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7.3 pSCL4, a dispensable, yet essential plasmid of S. clavuligerus.

Since the publication of Medema et al.,, 2010, we have known of the S. clavuligerus
megaplasmid pSCL4, which still remains the largest linear plasmid identified. Considering the
relatively small size of the S. clavuligerus chromosome (6.8 Mb) as opposed to other
Streptomyces species (8 to 9 Mb), it is reasonable to think of the megaplasmid originated
from material of a former larger chromosome. This was mentioned also by Medema et al.,
2010, and even proposed scenarios for the evolution of pSCL4, which included two
recombination events between the chromosome and a smaller plasmid. Our findings
described on Chapter 4 estate the high similarity between the telomeres of the chromosome
and pSCL4, which agrees with Medema’s theory of both replicons having a common origin.
In addition, we observed that pSCL4 is the only case of a Streptomyces replicon with the tap
and tpg genes located in the central region of the molecule and, following this theory, it could

be hypothesised that these genes were once positioned at the termini of the chromosome.

Considering a putative large transfer of genetic material from the chromosome to the
plasmid, and that pSCL4 carries 21% of the genome’s coding sequences, it is surprising to find
that all the genes involved in primary metabolism are still encoded on the chromosome.
However, as confirmed by the work explained in Chapter 6, the megaplasmid is still necessary
for providing the terminal proteins Tap and Tpg for the replication of the chromosome ends,
and elimination of pSCL4 leads to the chromosome to adapt to a circular form. Nevertheless,
the fact that this circularisation is caused by the absence of Tap and Tpg alone is yet to be
proved, and the fact that our tap-tpg-duplicated pSCL4-free strain Mc3 did not maintain the
chromosome ends suggests more elements from pSCL4 might be key for telomere
replication. Additionally, another gene was found missing in the chromosome, while present
in pSCL4, the helicase-like encoding gene ttrA. This gene is a common element found at the
sequence ends of linear replicons in Streptomyces, and in some cases like in pSCL3, on the
same operon as tap and tpg. This implies that TtrA might have some implications towards

telomere replication and must be further investigated.

In contrast to the fact that pSCL4 appears to be dispensable for the primary metabolism of S.
clavuligerus, our pSCL4-free strains showed poor development in solid media, as well as no
sporulation. This was further evidenced by observation and characterisation of microscopic
images of pSCL4-free mycelium that confirmed the presence of significantly thinner and

shorter branches which links the megaplasmid with at least the regulation of some
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developmental functions. Additionally, the strains confirmed to carry circular chromosomes
exhibited a significantly higher branching frequency, which could also associate this distinct
morphology of frequent abortive branches to a change in chromosome segregation. In terms
of secondary metabolism, while the M1 and Mc3 showed lower production of clavulanic acid,
M2 exhibited similar levels to the WT. It is important to notice that this strain is the only one
that maintains some pSCL4 material, as a 50 kb region was translocated into pSCL3, while
carrying the shortest chromosome of the three strains. This could be a direct effect on
production of clavulanic acid, or an indirect effect due to a better general fitness of this strain,
as M2 shows an increased growth rate, the presence of this pSCL4 material appears to be
beneficial for S. clavuligerus. Therefore, the effect of pSCL4 on the regulation of
chromosomal genes must be further investigated to help answer the question of its role in
this microorganism. This will also allow GSK to know the essential parts of pSCL4 to maintain

and help improve S. clavuligerus fermentations.

Nevertheless, the different morphology and antibiotic production could also be explained by
the effects that pSCL4-curing had in the chromosome. As we observed, a number of
transcriptional regulators were deleted from the chromosome ends that could have key
effects in S. clavuligerus. But also, the fact that the chromosome acquired a circular form
might have influenced the expression of developmental genes. The construction of an
artificial circular S. clavuligerus chromosome could help understand the effects of such
conformation in this organism, as well as confirm the repercussion of pSCL4 in the

chromosome beyond providing the telomere-replication machinery.

In conclusion, S. clavuligerus survives without pSCL4 making it dispensable, however, pSCL4-
free strains exhibit deteriorated aspects in primary and secondary metabolism suggesting it
is still essential for obtaining an optimum physiology. Whether this is a direct effect from the
loss of essential unknown elements in the plasmid or an indirect effect from the deletion of

chromosome ends and circularisation is still to be clarified.
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8. CONCLUSIONS & FUTURE WORK

8.1 Conclusions.

Within this project we proposed to study the genome architecture of S. clavuligerus. To do
so, we have established an optimised method for pulsed-field gel electrophoresis of S.
clavuligerus strains. This procedure includes utilisation of HEPES-based buffers after
confirming that S. clavuligerus is susceptible to Tris-dependent DNA degradation during
electrophoresis. PFGE analyses allowed visualisation of the giant linear plasmids pSCL2,
pSCL3, and, for the first time, the megaplasmid pSCL4. Additionally, PFGE of digested samples
of S. clavuligerus was used to study chromosomal fragments and contrast them to the
computational sequencing data to construct a physical map of the genome of this
microorganism. Having an optimised method to study the genome architecture of S.
clavuligerus, as well as the established genome map of the wild type strain, will benefit
research done in this bacterium, particularly for GSK, in order to screen mutant strains in a

rapid and economical manner.

Moreover, we have obtained the complete genome sequence of S. clavuligerus DSM 738.
This was achieved by combination of next generation sequencing technologies Illumina and
PacBio. Bioinformatic processing as well as manual assembly were necessary to obtain a
closed assembly of the chromosome and the four plasmids of this organism. However, both
Illumina and PacBio sequencing failed to obtain the telomeres of the five replicons and so
further physical methodology was applied to obtain the sequence ends. The telomeres were
purified using the self-ligation method and the sequences were characterised. It was
confirmed that all the replicons carry archetypal telomeres, with a predicted folded structure
of four loops following the Clover Leaves model. Interestingly the chromosome and
megaplasmid carry the same telomeric sequences, while the rest of the replicons exhibit
different telomeres, having only the first palindrome in common between the four sets of
telomeres. The complete genome was finalised by the addition of the telomeres and the
sequences were compared to other published S. clavuligerus genomes. It was observed that
S. clavuligerus strains DSM 738 and ATCC 27064 strain carry almost identical chromosome
sequences, implying they are probably the same strain. The final sequences were annotated
yielding 8,268 coding sequences, 21% of them encoded on the megaplasmid. Nevertheless,
all the core genes involved in primary metabolism were found on the chromosome. 43

putative biosynthetic gene clusters were predicted from the sequence of S. clavuligerus, 25
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of them encoded on the chromosome, including the cephamycin-clavulanic acid
supercluster. Furthermore, we identified three genes missing from the S. clavuligerus

chromosome which must be complemented by the plasmids: tap, tpg and ttrA.

Given the terminal protein functionality is provided solely by the plasmids and the diversity
of telomeric sequences in S. clavuligerus, we proposed to characterise the Tap and Tpg
proteins in this organism. Three sets of proteins were identified, located on pSCL4, pSCL3 and
pSCL2, and their amino acid sequence revealed conserved helix-turn-helix motifs. Similarly
to the telomere sequences, these proteins exhibited low sequence identity with each other.
In order to provide the chromosome its own tap and tpg genes, we incorporated a copy of
the pSCL4 tap-tpg operon using ¢BT1 att-site-specific integration on the chromosome.
Following this, we confirmed it was not possible to eliminate these genes from pSCL4 using
a double homologous recombination event as only strains that underwent a single crossover
were obtained. Moreover, bacterial two-hybrid experiments confirmed Tap-Tap and Tpg-Tpg
interactions that support the idea of linear chromosome and plasmids acquiring circular
conformations mediated by association of proteins at each telomere. In contrast Tap-Tpg

interactions were not observed in these kinds of experiments.

Finally, in order to study the essentiality of the megaplasmid, we obtained pSCL4-free strains
by targeting the plasmid’s parB gene with CRISPR/Cas9 technology. Whole genome
sequencing of these revealed that at least two of the three characterised mutant strains carry
circular chromosomes, confirming that the chromosome relies exclusively on the terminal
proteins from pSCL4 to maintain the telomeres. This circularisation was predicted to have
occurred at unspecific locations by non-homologous recombination of both arms. In addition,
one of the strains is also missing pSCL3, while maintaining complete pSCL2 and pSCL1, which
suggested that pSCL1 telomeres are supported by the proteins encoded on pSCL2.
Furthermore, pSCL4-free strains exhibited a poor development in solid media and no
sporulation, which was also confirmed by microscopic characterisation, revealing a
phenotype of significant short, thin and frequent branches in comparison to the wild type.
Additionally, disproving the original theory that elimination of pSCL4 would improve the
production of clavulanic acid, this was shown to be equal or even lower than on the wild
type. These results confirm that pSCL4 might have a role in regulation of important

chromosomal genes and so, it is essential for the optimum fitness of S. clavuligerus.
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8.2 Future work.

Future experiments would include utilising different techniques to disrupt the tap-tpg
operon instead of a knockout, such as CRISPR latest technologies: CRISPR-BEST to introduce
targeted mutations on these genes (Tong et al., 2019), or CRISPR/dCas9 to temporally inhibit
the transcription of these genes (Gjaltema and Schulz, 2018). This will confirm if the
circularisation of the chromosome is due solely to the loss of these two genes or if other
elements in pSCL4 are involved in the maintenance of chromosomal telomeres. In addition,
in case of these technologies being successful in genetic modification of S. clavuligerus will
represent an important breakthrough for future investigations of interesting genes, as we
have evidenced in this work the difficulty for gene deletion by homologous recombination in
this organism. An example of a gene to be studied would be ttrA, as it is missing from the

chromosome and its role is unclear.

Another interesting experiment would be to overexpress the different Tap and Tpg proteins
from S. clavuligerus in E. coli for subsequent purification. The purified proteins could be used
for electrophoretic mobility shift assay (EMSA) to study the specific interactions of the three
sets of terminal proteins with the five telomeres. Furthermore, obtaining the crystal
structures of Tap and Tpg would help characterise the mechanism of action of the terminal

proteins.

In order to study more specifically the effect of the loss of pSCL4 on gene regulation of S.
clavuligerus chromosome, RNA sequencing of the pSCL4-mutants would establish their
transcriptome and compare it to the wild type. It would be particularly interesting to study
the expression of genes involved in mycelium development and sporulation, given the
observations in this project. The expression level of genes involved in clavulanic acid
production would also confirm the implication of pSCL4 which could be crucial for GSK to

improve their industrial strains.

Furthermore, since we have confirmed the successful elimination of pSCL4 by targeting
portioning genes with CRISPR/Cas9, this could be used to cure the other three plasmids and

study their significance in the physiology of S. clavuligerus.
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10. APPENDIX

10.1 Custom scripts

The following custom macro script was written and used to edit microscopy images in Fll in
order to separate composite images, scale them, automated scale contrast, and merge

fluorescence and phase contrast channels into one image for further downstream analyses:
open("image_location");

run("Set Scale...", "distance=1 known=0.09 unit=um");
run("Stack to Images");

selectWindow("/mage-0001");
//run("Brightness/Contrast...");

run("Enhance Contrast", "saturated=0.35");
run("Apply LUT");

selectWindow("/mage-0003");

run("Enhance Contrast", "saturated=0.35");
run("Apply LUT");

selectWindow("Image-0002");

run("Enhance Contrast", "saturated=0.35");
run("Apply LUT");

run("Merge Channels...", "c1=Image-0003 c2=Image-0002");

run("Scale Bar...", "width=10 height=8 font=28 color=White background=None
location=[Lower Right] bold overlay");

saveAs("Tiff", "saving_location");
close();
selectWindow("Image-0001");

run("Scale Bar...", "width=10 height=8 font=28 color=White background=None
location=[Lower Right] bold overlay");

saveAs("Tiff", "saving_location");

close();



10.2 Supplementary figures.

[

Figure A4. Gel electrophoresis of genomic DNA of S. clavuligerus DSM 738 used for Illumina
sequencing and PacBio sequencing
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Figure A2. Gel electrophoresis of inverted-PCR amplification results of self-ligated chromosomal
telomeres.
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Figure A3. Gel electrophoresis of inverted-PCR amplification results of self-ligated pSCL4, pSCL3 and
pSCL2 telomeres.
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Figure A4. Gel electrophoresis of the tap-tpg genes amplified by PCR, with a size of 3.5 kb.
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Figure A5. Gel electrophoresis of the products from colony PCR of 35 transformants. Four colonies
(16, 26, 31 and 35) exhibited bands for the tap-tpg genes (band at 3.5 kb).

Figure A6. Confirmation of conjugation of pLIS22 and pMS82 into S. clavuligerus. pLIS22/pM82
transconjugants and WT (S. clavuligerus DSM 738) grown on GYM media with or without
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Figure A7. Gel electrophoresis of 3 kb flanking regions of the tap-tpg operon (SP-Left and SP-Right)
amplified by PCR.
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Figure A8. Confirmation of cloning of SP-Left and SP-Right into pGEM-T Easy. Gel electrophoresis of
products from digest with BamHI, EcoRlI, Apal, Sall or Sacl. The table indicates the expected band
sizes. Maps of the expected constructs with restriction enzyme sites.
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Figure A9. Confirmation of construction of pLIS401 and pLIS402. Gel electrophoresis of products
from digest with BamHlI, and Sall. The table indicates the expected band sizes. Maps of the
expected constructs with restriction enzyme sites.
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Figure A10. Confirmation of construction of pLIS404. Gel electrophoresis of products from digest
with BamHI, and Sall. The table indicates the expected band sizes. Maps of the expected construct
with restriction enzyme sites.
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Figure A11. Gel electrophoresis of the tap and tpg genes from pSCL4, pSCL2 and pSCL3 amplified by
PCR for the construction of BACTH plasmids.



10.3 Supplementary tables

Table Al. List of genes with known function deleted from the chromosome ends in the pSCL4-free
strains M1, M2 and Mc3. Highlighted in orange are the genes belonging to the core genome.
Highlighted in green are the discussed transcriptional regulators.

Missing in  Missingin  Missing in

Gene function Position M1 M2 Mc3
Putative transposase 539-721 yes yes yes
Mobile element protein 956-1558 yes yes yes
O-methyltranferase family 3 9544-10206 yes yes yes
Polyketide synthase 10230-11318 yes yes yes
Acyl-CoA dehydrogenase 11315-12424 yes yes yes
Acyl carrier protein 12417-12725 yes yes yes
3-hydroxybutyryl-CoA dehydrogenase 12725-13609 yes yes yes
Modular polyketide synthase 13606-20031 yes yes yes
Modular polyketide synthase 20102-30892 yes yes yes
Modular polyketide synthase 30939-43265 yes yes yes
Modular polyketide synthase 43320-59720 yes yes yes
Modular polyketide synthase 59737-74754 yes yes

Malonyl CoA-acyl carrier protein transacylase 76147-77106 yes yes

Putative cytochrome P450 hydroxylase 77500-78768 yes yes

Putative membrane protein 79147-80256 yes yes
Phenylpropionate dioxygenase 83382-84449 yes yes
SAM-dependent methyltransferase 91403-92140 yes yes
Transcriptional regulator 93571-94338 yes yes

Phage tail sheath protein Fl 96185-98449 yes yes

VgrG protein 11%107%37_ yes yes

ATPase, AAA family 111280796862_ yes

Efflux ABC transporter, permease/ATP-binding 121799-

protein 123700 yes
Geranylgeranyl diphosphate synthase 1122560178; yes
Transcriptional regulator, AraC family 1122;‘(1;;88_ yes

Excinuclease ABC subunit A paralog 11126;1075_ yes

143224-

Chitodextrinase 113;562 yes

MBL-fold metallo-hydrolase superfamily 11123‘57;_ yes
Metal-sensitive transcriptional repressor 1119958189_ yes
Transcriptional regulator, AcrR family 11?51117973; yes
Acetyltransferase, GNAT family 11?:_;17;%_ yes



155741-

Putative phosphotransferase 156538 yes
. 157744-
1,4-dihydroxy-2-naphthoate polyprenyltransferase 158799 yes
. 159517-
Carbonic anhydrase, beta class 160269 yes
. 160285-
Putative cytochrome P450 hydroxylase 161805 yes
Alkaline serine exoprotease A precursor 162508- es
P P 163746 y
164217-
Aldo/keto reductase 165203 yes
167454-
Gluconate 5-dehydrogenase 168233 yes
Guanine deaminase 168441- es
169004 y
Putative oxidoreductase 169170- es
169793 4
. . 170046-
Putative SimX4 homolog 171017 yes
, ) 171014-
4'-phosphopantetheinyl transferase entD 171781 yes
. 174173-
Secreted protein 175525 yes
Putative regulatory protein 175672 es
gulatory p 177012 y
. . 177058-
Putative ferredoxin 177276 yes
. 177346-
Putative cytochrome P450 hydroxylase 177813 yes
. . . 6477878-
Potassium-transporting ATPase B chain 6479980 yes
. . . 6479980-
Potassium-transporting ATPase A chain 6481644 yes
. - . 6481993-
Osmosensitive K+ channel histidine kinase KdpD 6484530 yes
. . 6485472-
Sporulation control protein SpoOM 6486440 yes
. 6486588-
Peptidase M48, Ste24p precursor 6487520 yes
- . 6487528-
Transcriptional regulator, Mecl family 6487899 yes
Lead, cadmium, zinc and mercury transporting 6489742- es
ATPase 6492507 y
. . . . 6495159-
Uncharacterized protein with VanW-like domain 6496952 yes
6498294-
3-hydroxybutyrate dehydrogenase 6499091 yes
. 6499310-
Uncharacterized MFS-type transporter 6500749 yes
. . 6500867-
Regulator of polyketide synthase expression 6502870 yes
. 6502935-
Cysteine desulfurase 6503969 yes
o . 6507658-
Transcriptional regulator, LysR family 6508431 yes
Cytosine deaminase 6509066- yes

6510256



Dolichol-phosphate mannosyltransferase
Glycosyl transferase

Cytochrome P450
Endo-1,4-beta-glucanase Z

Ferredoxin

Ferredoxin reductase

Putative cytochrome P450 hydroxylase
Hydrogenase assembly protein HoxX
Homoserine O-acetyltransferase
O-acetylhomoserine sulfhydrylase
Antibiotic biosynthesis monooxygenase
2-hydroxy-3-oxopropionate reductase
Putative cytochrome P450 hydroxylase
Acetyltransferase

Thioesterase

Electron transfer flavoprotein, alpha subunit
Electron transfer flavoprotein, beta subunit
Transcriptional regulator, AcrR family
Transcriptional regulator, AcrR family
Lactoylglutathione lyase

ABC transporter, permease protein

ABC transporter, permease protein

ABC transporter, substrate-binding protein
Acetyl xylan esterase

ABC transporter, ATP-binding protein
Endoglucanase celA precursor

Putative prolyl aminopeptidase
Nitroreductase family protein

Putative oxidoreductase

Acyl-CoA dehydrogenase, long-chain specific

6516217-
6517452
6519332-
6520591
6530599-
6532041
6532188-
6533147
6533436-
6533642
6533629-
6534999
6535025-
6536257
6536304-
6538013
6541212-
6542363
6542372-
6543730
6544441-
6544779
6544776-
6545687
6546688-
6547944
6548024-
6548533
6548565-
6549356
6549495-
6550448
6550662-
6551450
6551629-
6552315
6553017-
6553607
6553739-
6554152
6554300-
6554980
6554977-
6555648
6555648-
6556760
6558358-
6559329
6559651-
6560814
6561006-
6562508
6562649-
6563950
6564889-
6565590
6565797-
6566798
6566869-
6568053

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes



Acyl-CoA dehydrogenase

ABC transporter, substrate-binding protein
ABC transporter, permease protein 1

ABC transporter, permease protein 2

ABC transporter, ATP-binding protein

ABC transporter, ATP-binding protein

ABC transporter, ATP-binding protein
Transmembrane protein

Uncharacterized flavin-binding protein

Oxidoreductase, short-chain
dehydrogenase/reductase family
Phosphoenolpyruvate-dihydroxyacetone
phosphotransferase
Phosphoenolpyruvate-dihydroxyacetone
phosphotransferase

Putative oxidoreductase
Putative FAD-dependent oxidoreductase

Putative FAD-dependent oxidoreductase

Capsular polysaccharide biosynthesis fatty acid

synthase WcbR

Fatty acid hydroxylase family
Phytoene dehydrogenase
RsbU-domain-containing protein
Chaperone protein ClpB
Transcriptional regulator AfsR
Dienelactone hydrolase
Transcriptional regulator, MarR family
Putative phosphotransferase
Acetyltransferase

Putative cytochrome P450 hydroxylase
Polyketide synthase

Putative cytochrome P450 hydroxylase

Undecaprenyl-phosphate
galactosephosphotransferase

GDP-mannose 6-dehydrogenase

6568050-
6569219
6569394-
6571028
6571025-
6572047
6572040-
6572999
6572996-
6573973
6574006-
6574668
6574623-
6574862
6576912-
6577106
6578119-
6578119
6582135-
6582896
6598966-
6599676
6599738-
6600736
6600902-
6601963
6601968-
6603713
6603710-
6605419
6605409-
6615056
6615368-
6616291
6618625-
6620247
6627781-
6630582
6630789-
6633362
6633442-
6635367
6636329-
6637669
6637803-
6638399
6640533-
6641285
6642866-
6643435
6646612-
6647835
6648827-
6650695
6652631-
6653725
6655089-
6656567
6656647-
6657963

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes



Glycosyltransferase

Putative membrane protein

Asparagine synthetase

Myo-inositol 2-dehydrogenase

Putative membrane protein

Glycosyl transferase, group 1 family protein
SAM-dependent methyltransferase
Glucose-1-phosphate cytidylyltransferase
UDP-glucose 4-epimerase

MATE family protein

Putative glycosyltransferase
Polysaccharide pyruvyl transferase CsaB

dTDP-4-dehydrorhamnose 3,5-epimerase

Aminotransferase, Class Il pyridoxal-phosphate
dependent

Putative membrane-associated phospholipid
phosphatase

Transcriptional regulator, AsnC family
Pentalenene oxygenase

Terpene synthase, metal-binding
Geranylgeranyl diphosphate synthase
Aldehyde dehydrogenase

Choline oxidase

Urea carboxylase-related amino acid permease

Betaine aldehyde dehydrogenase

GAF domain-containing protein / Signal
transduction response regulator

N-acetylmuramoyl-L-alanine amidase
SWF/SNF family helicase

Helicase, SNF2/RAD54 family

Integral membrane protein
Acetyltransferase, GNAT family

2-amino-3-ketobutyrate coenzyme A ligase

6657953-
6659224
6660614-
6662188
6662192-
6664120
6664154-
6666343
6668653-
6669951
6669960-
6671246
6671243-
6672478
6672475-
6673296
6673944-
6674969
6676276-
6677607
6677604-
6678560
6678557-
6679810
6679807-
6680448
6680456-
6681781
6681789-
6682646
6687606-
6688049
6688130-
6689491
6689558-
6690493
6692434-
6693522
6694850-
6696373
6696559-
6698133
6698294-
6700009
6700006-
6701475
6701670-
6702935
6703053-
6703451
6704539-
6705969
6705966-
6709088
6709315-
6709494
6709534-
6710208
6712212-
6713393

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes



L-threonine 3-dehydrogenase
Transcriptional regulator, LysR family
Putative regulatory protein
Uncharacterized MFS-type transporter
Putative membrane protein

Putative integral membrane efflux protein
Argininosuccinate lyase

Diaminopimelate decarboxylase
Glutathione synthase/Ribosomal protein S6
modification enzyme

Competence-like protein

Carbon starvation protein A

Putative cytochrome P450

Cysteine desulfurase

Lipase

Cobalt-zinc-cadmium resistance protein

Histone acetyltransferase HPA2

Salicylate esterase

6713552-
6714580
6715767-
6716930
6717057-
6719102
6720097-
6721308
6722540-
6722989
6724226-
6725416
6726704-
6727897
6731459-
6732751
6733814-
6734749
6734979-
6735431
6735744-
6737867
6738301-
6739719
6740100-
6741593
6741997-
6743130
6744006-
6745136
6746154-
6746609
6747142-
6747873
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