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Throughout this project, all chemicals used were of analytical grade and were
purchased from Fisher Scientific, Invitrogen, Qiagen or Sigmaldrich, unless stated

otherwise.

2.1 Microbiological methods

Growth and maintenance of bacteria and media

Unless otherwise stated, all media was prepared in 500 mL Duran bottles and sterilised
by autoclaving at 121 °C at 100 kPa. The media used throughout this study is listed in

Table 2.1

Streptomyces clavuligerus was grown at 26 °C on L3M9 medium to prepare single
colonies of strains or for creating lawns of bacteria for preparation of spores. Liquid
cultures of Streptomyces clavuligeruswere grown at 26 °C in a shaking incubator at 250
rpm in 250 mL Erlenmeyer flasks filled to 50 mL of Tryptone Soy Broth (TSB). Spore stocks
of S. clavuligeruswere made from a streaking an existing spore stock for a single colony,
which was picked and used to create confluent lawns of growth on L3M9 agatiduots

(2 mL) of sterile 25% glycerol (v/v) was added to the plate after ~10 days of growth.
Spores weredisrupted using a sterile cotton bud. The resulting mixture was passed
through a sterilised cotton wool syringe to remove cell debris/hyphae according to
(Feeney et al., 2022)Spores were stored in cryotubes at20 °C or-80 °C.Escherichia
coli strains were streaked on to Lysogeny Broth (LB) agar to prepare single colonies for
overnight cultures at 37 °C. Liquid cultures oE. coliwere grown in at 37 °C in a shaking
incubator at 250 rpm. Stocks ofE. coliwere made from 10 mL of LB broth inoculated

with a single colony of the relevant strain and grown for ~18 hours with appropriate

M



antibiotics. The resulting culture was then centrifuged at 20,00& gfor 10 minutes and
the resulting pellet was resuspended in 1 mL of sterile 20% glycerol (0.5 mL of LB mixed

with 0.5 mL of 40% glycerol). AEE. colistocks were stored at-20 °C or-80 °C.

Spore stock colony counts

Serial dilutions of Streptomyces stocks were prepared with a titre ranging from 10to
10% colony forming units/ mL. An aliquot (90 pL) of these dilutions were plated onto LB
agar and incubated at 37 °C for ~4 days. A plate with between 300 colonies was
selected, and the number of colonies were counted. The concentration of the original
stock was calculated from this dilution using the equationCFU/mL (original) = (N / \§
D, whereN = number of colonies on the plateV = volume plated in mL (0.09 in)and D

= dilution factor.
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Table 2.1. Media and recipes used throughout this study
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50 g Dry milk powder
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Table 2.2. Antibiotics

and their working concentrations used throughout the

project.
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Cell growth quantifier (CGQ) and dry weight growth curves for S. clavuligerus

Aliguots (50 mL) of TSB &re inoculated with 1 x 13 Streptomyces clavuligerusspores.

For CGQ readings the aquilabiolabs (Baesweile€ell Growth Quantifier was used as per
q6lWacUencHgel Wl kt WNeRITWIRUWY W sRadéWl Aec HE t HE
measurement. The dry weight of cells contained in 1 mL of a culture sample was
determined by washing the cells twice before resuspending the pellet inrhL of distilled

water. Cells were applied to a GF/A grade micro glass fibre filter (purchased from

Camlab, 1.6 um pore size) that had ded to a constant mass. The biomass was filtered

through a Buchner Funnel (KIF Laboport and NALGENE 180 PVC metric tube) at reduced
pressure. The filter was rinsed with 2 mL of distilled water. The filter containing the

biomass was dried to a constant mas. The biomass was determined gravimetrically

(g/L).

Cell wet weight

Wet weights were calculated by spinning 1 mL of cell culture at 20,000yfor 10 minutes
in a 1.5 mL Eppendorf tube. The supernatant was removed and the difference in weight

of the Eppendorf was calculated.
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Strains and plasmids

2.2 Molecular biology methods

Table 2.3: Strains used in this study with a detailed description, genotype and

source.
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Table 2.4. Plasmids used in this study with detailed antibiotic selection and

sources.
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Primer list

Table 2.5. Primers used in this study, designed on SnapGene# made by IDT.
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PCR

Diagnostic and confirmatory PCRs were performed with REDTaq DNA Polymerase
BERNGCHL WEHAYI T RUNDWagYWgsWWacUencecHagel DI Kkt WRUL
shown in Table 26 and do not alter unless otherwise stated. Unless otherwise stated

PCR primers were used at a concentration of 100 uM.

Gel electrophoresis

Gels containing 1 % agarose were used for agarose gel electrophoresis. Agarose was

dissolved in TAE buffer (40 mM Trigcetate, 1 mM EDTA) using a microwave. The gel

mixture was then cooled before ethidium bromide was added to a final concentration of

100, NoWa x We¢ 07T WweVYel WI WRUqYWe WHet qrRUNDWa! ¢! AWt 1J¢
were mixed with 6x blue/orange loading dye (Promega), and relevant molecular weight

markers were chosen according to the expected DNA fragment size (Promega).
Throughout this goject, agarose gels were run using Bi®Rad power pack systems, with

1 x TAE used as the buffer. Unless otherwise stated, gels were run at 90 V for ~60

minutes. Gels were visualised and imaged under UV excitation using Syngene

Bioimaging Ingenius transilluminator.

Plasmid DNA extraction

Plasmid DNA was extracted using the Wizard SV Minipreps Kit (Promega, 2010)
CHAEYI TRUNDWqYWq6 WG ¢ Ue n ¢ A btps:/AdvivwkpromeGa.c.ak¥ H Y O LW b1 ¢
/media/files/resources/protocols/technical -bulletins/O/wizard -plus-sv-minipreps-

dna-purification -system-protocol.pdf?la=en).

—
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Table 2.6. Red-taq thermal cycling conditions for PCRs run throughout this study.

"Primer annealing temperature was adjusted as required
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Table 2.7. Q5 high fidelity polymerase thermal cycling conditions for PCRs run

throughout this study. “Primer annealing temperature was adjusted as required
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Electrotransformation of Escherichia coli ET12567/pUZ8002

Rhe Yqt WeINMMLW , x b LE. YcolLETL1A58 7t 28008 WereS idimptd Wion LU
plasmid DNA (10 ng) in an iceold electroporation cuvette. The sample was
BaWHq! YGYI ¢qlT Ws Rag6W7RYA¢T W WUWAzGt 131 Wf f W Wq
time constant of 0.41 0.6 seconds. 1 mL of icecold LB wasadded to the cuvette and
mixed via inversion. The entire sample was then transferred to an Eppendorf and allowed
to recover at 37 °C and shaking at 250 rpm for three hours. Following recovery, cells were
plated on LB agar containing the appropriate antibitics and incubated overnight at 37

°C.

Transformation of E.coli? ¢ P, Weat RUNWGE J¢ qlUt 6 YHT

Commercial E.coli? ¢ P, WeiPMW&ax b Ws 31 W6 ¢s T WYUWRHIIWN Y |
plasmid DNA was gently mixed with the thawed cells. This mixture was incubated on ice

for 30 minutes. The transformation mixture was then heat shocked at 42 °C for 1 minute,

before beingplaced on ice for 2 minutes. 1 mL of LB broth was then added to the mixture

and the cells were allowed to recover for 1 hour at 37 °C, shaking at 250 rpm. These cells

were then plated on LB agar with appropriate antibiotics and incubatedvernight at 37

°C.

Conjugation of pMS82 and pSET152 intoStreptomyces clavuligerus

Overnight cultures ofE. coliET12567/pUZ8002 were prepared in LB broth (see above).
Aliquots (400 pL) of the culture were inoculated into 10 mL of LB broth with appropriate

antibiotics and grown to an Oy 0.6. This sample was centrifuged at 20,000 g and
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washed three times with LB broth with a final volume of 500 pL. Freshly collect&i
clavuligerus spore stocks (1 x 18 spores) were centrifuged at 20,000 xg and
resuspended in 500 pL of LB broth. The 500 pL aliquots of spores aadcoli cells were
mixed in an Eppendorf and centrifuged at 16,000gin a microfuge and the supernatant
was discarded. The pellet was resuspended in 100 pL of LB broth which was plated onto
L3M9 agar containing 10 mM of Mggsolution. After 18 hours of growth at 26 °C, the
plates containing S. clavuligerusand E. coliET12567/pUZ8002 were overlayed with 1 mL
of sterile antibiotic solution (containing 25 pL of each appropriate antibiotic and 25 L of
nalidixic acid, made up to 1 mL with sterile KD). Primary exonjugants were selected
after seven days of growth and streaked on to fresh plates of L3M9 agar containing the

appropriate antibiotics.

2.3 Sequencing and bioinformatic methods

Genomic DNA extraction from S. clavuligerus

Genomic DNA was isolated via salt extractionS. clavuligerusculture grown for ~48
hours in TSB at 26 °C (as above). The culture was centrifuged at 20,0@3or 30 minutes
with the supernatant being discarded. The pellet was resuspended in 3 mL of TES buffer
(75 mM NaCl, 25 mM EDTA pH 8, 20 mM THEI pH 7.5). After, 150 pL of 20 mg/mL
lysozyme was added and incubated for at 250 rpm, 37 °C for ~90 minutegoReinase K
was added (84 pL of 20 mg/mL) alongside 360 uL of 10% SDS solution, mixed via
inversion and incubated at 55 °C for 2 hours, inverting occasionally. Then, 1.2 mL of 5M
NaCl was then added to the mixture and mixed via inversion, the sample was allowed to
cool, before the addition of 3 mL of chloroform, mixed via inversion and left to incubat

at room temperature for 30 minutes. The sample was then centrifuged at 20,000ytor

15 minutes. The upper phase of the sample was then transferred to a sterile falcon tube.

TX



An equal volume of icecold isopropanol was added and the precipitated DNA was
spooled out using a sterile, sealed, glass Pasteur pipette and stored in an Eppendorf
tube. The DNA was washed with 1 mL of 70% ethanol and the sample was centrifdge
20,000 xgfor 10 minutes, before the supernatant was removed and the residual ethanol

allowed to evaporate. The DNA was solubilised in 100 pL of sterile®ifor storage.

Amplicon library preparation and next -generation sequencing

After amplicons containing unique barcodes were obtained by PCR from the genomic

DNA from fermentations, amplicon concentration of purified DNA was determined by

Qubit BR (Termo Fischer). If multiplexing within a single run, multiple samples were

pooled in equimolar concentrations. A library of 200 fmol of amplicons were prepared

using the Nanopore ligation sequencing kit (SQKSK114, Oxford Nanopore
NURSUYGYNRUt bWeét WGWI WagsdwacUeneHagel 1 Kt WNe R
sequenced on a Flongle flavcell (FLOFLG114, Oxford Nanopore Technologies),

basecalled and demultiplexed if required using MinKNOW software (version 22.12.7,

§+nYITW ¢cOYGY!I DWNUHSUYGYNRIDE b WE WG Waé 13Wa ¢ U

Barcode frequency calculations

To calculate the relative abundance of each barcodethe FASTQfiles produced by
Oxford Nanopore Technologies basecalling were used as raw data. Pycharm
(community edition 2022.2.1) was used to run the code (that can be found at
https://github.com/jamescroxford/Bar -Seq.gif), to count the forward and reverse

complements of each barcode accounting for a Levenshtein distance of 1 (lines2 and

TT


https://github.com/jamescroxford/Bar-Seq.git

59 of code respectively). Barcode relative abundance was calculated by dividing the
count of each barcode by the total number of detected barcodes. Barcode relative
abundance was used as a proxy for the relative abundance of each barcoded strainSf

clavuligerus.

Log.fold change of barcoded strain relative abundance

The logfold change of abarcode comparing the start and end relative abundance was
calculated. The relative abundance at the final timepoint was divided by the relative
abundance at the start timepoint. The log() function on Microsoft Excel was used to find

the log; of this fold change value.

S. clavuligerus SC2 and SC6 reference genome assemblies

The Streptomyces clavuligerusSC2 and SC6 reference genomes used throughout this
thesis were assembled irhouse by John Munnoch (University of Strathclyde) using
lllumina short-read sequencing for both strains and PacBio longead sequencing for
SC2 and SC6. lllumina reads were geneted on the lllumina MiniSeq (SC2) and NovaSeq
6000 (SC6) following manufacturer protocols. PacBio longead sequencing for SC6 was
performed as described in] Y 0 {EA #1 R A ¢ G WIHIRagBIo |6ngdehdlsequencing
for SC2 was performed on a PacBio Sequel instrument (Namics, University of

Northumbria, UK) using SMRTbell library preparation and dur movie capture.

PacBio data were assembled using HGAP# 9 6 R U LU 1J q Witurdin@stedds M&te® b
assembled de novo using SPAdesbi7 ¢ Ut 2 RHG W IJ@nd aseédOfoll = MN = b

polishing/validation against the longread assemblies. Where required, assemblies
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were manually curated and structural variants were confirmed by PCR and Sanger
sequencing. Raw sequencing data are available under BioSamples SAMN42008322
SAMN42008326 and SAMNS51091877 (NCBI), and the-aenotated assemblies
(generated using Prokka; E 13130 ¢ U U 4 LWar& Madglilable under BioProject

PRJINA1127551.

Alignment of lllumina reads using Bowtie2

lllumina sequencing of theS. clavuligerusgenome was performed by Novogen&urope

on an NovaSeq X Plus25B Flow cell, where 150bp paired end reads were created.
Bowtie2 (Version 2.5.2x ¢ UNG1J¢ T We UT W Ewete Aisedd fo mapLiie MeNdS b
against the S. clavuligerus SC6 reference genome(BioProject PRINA1127551)vith
output files being in binary alignments (BAM) format with a binary alignments index.

Mapped reads were visualised using JBrowse2 ? R1Jt 6 WIJ g We¢ & FOAW=M=Ob

Breseq analysisbl 2 IJ¢ qq6 131 ¢ P We UT W7¢l | RAL AW=MNMb

Whole-genome sequencing (WGS) data generated by Novogene Europe from genomic
DNA (llumina NovaSeq X Plus25B flow cell, 150 bp pairedend) were analysed using
breseq (version 0.39.0;? J¢ q6 131 ¢ PIIW ¢ UT. Rgads| werR ligrredltd M&N M b
Streptomyces clavuligerus SC6 reference genome(BioProject PRINA1127551and
variants were called using the default pipeline. Breseq was run on a Xubuntu virtual

machine (version 22.04).

To control for background variation, the parental SC6 genome was first analysed with

breseq and mutations identified in this stock strain were treated as baseline signatures.

To



These background mutations were excluded from subsequent comparisons of
fermentation-derived strains, ensuring that only novel mutations relative to SC6 were

reported.

RNA extraction from S. clavuligerus

Streptomyces clavuligeruscultures were grown in 250 mL Erlenmeyer flasks containing
50 mL of TSB at 26 °C and 250 rpm. Samples were collected during exponential and
stationary phases, with three biological replicates per condition. For each replicate, 1
mL of culture was transfered into a 2 mL screwcap tube containing an equal volume of

A Geqll WelARENWUb We UT WRAGGWT Reqldd! WA R+ WAH! WA
until extraction.

Cell pellets were obtained by centrifugation of thawed samples at 20,000 g for 10
minutes at 4 °C. The pellet was resuspended in 100 uL TE buffer (50 mM-R@, 20 mM
EDTA, pH 8.0), followed by the addition of 100 uL lysozyme (100 mg/mL) and incubation
at 30 °C for 30 minutes. Cells were lysed by adding 50 pL of 10% SDS anguiB®f 5 M
NacCl, after which 500 pL TRIzol reagent (Thermo Fisher Scientific) was added. Samples
were mixed by inversion before addition of 300 pL chloroform, vortexed for 15 seconds,

and centrifuged at 20,000 >gfor 10 minutes at 4 °C.

The aqueous phase was transferred to a new tube and applied to RNeasy spin columns
BARENDUUbL WeHAYI T RUNWa Y Wa 6 1J Weécoluna DNaseolgdstion k + WR U4
was performed by adding 10 uL RNas#ee DNase (Qiagen) with 70 uL RDD buffer,

incubating for 60 minutes at room temperature. An additional oficolumn DNase

digestion was carried out for all samples (RNeasy MinElute Cleanup Kit, Qiagen)
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50 °C, and the eluate was reapplied to the same column for a second elution in 50 pL

RNA concentration and purity were measured using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific). RNA integrity was assessed using the
Agilent 2100 Bioanalyzer with RNA 6000 Nano reagents (Agilent Technologies), with RNA
integrity number (RIN) values used to confirm sample quality. DNA contamination was
checked by 260/280 absorbane ratios. Highquality RNA samples were used for

downstream transcriptomic analysis.

Transcriptomic analysis

Following RNA quality control, prokaryotic directional mRNA libraries were prepared
using rRNA removal (Novogene Europe) asgquenced on an Illlumina NovaSeq X Plus
platform on the 25B flow cell,to produce 150 bp pairedend reads, generating ~2 Gb of
raw data per sample. Three biological replicates were sequenced per condition. FASTQ

files were returned for downstream analysis.

Transcript abundance was quantified using Salmorel A ¢ a1 Y LW 1J qdfainst A L = MN T ¢
annotated S. clavuligerusSC2 genome(BioProject PRINA1127551Yhis reference was

selected as it provides more complete annotation than the SC6 genome and contains

all genes identified in SC6. A tx2gene table was constructed from the annotation and

used with the tximport package to summarise transcript counts at the gne level.

DESeq2s x Y 2 1J LLIJ awHs thekOsedFomdimatise count data and test for differential

expression between conditions as required.
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Principal component analysis (PCA) was performed on rlezansformed counts to
assess replicate clustering. Differentially expressed genes (DEGSs) were identified using
cWnecdt DWW Rt #Y21J1 ! LWfold dpahgésr @.o/6IcRno MG dri©deRetdted) T LG Y D

using the EnhancedVolcano package! 7 0 R D 6 td Aisliaisé DEGs.

All analyses were carried out in R (version 4.3.0) within RStudio (version 2023.3.1) using
tximport (version 1.30.0) and DESeq2 (version 1.42.1). Transcript quantification with

Salmon (version 1.10.2) was performed on a Xubuntu virtual machine (version 02).

2.4 Biochemical assays
Clavulanic acid (CA) assay bl 7 Rl T WIJqWe¢ G IOAWN®Y = b

CA concentrations in culture supernatant were determined by 8 uL of supernatant that
had previously been cleared by centrifugation for 5 minutes at 16,000gdn a microfuge
being added to 200 pyL of imidazole (prepared by dissolving 10 g imidazole (VWR
Chemicals) in 7.2 mL 10M HCI and made up to a final volume of 100 mL with distilled
water). CA standard solutions of the following concentrations were assayed ahg with
the samples: 400 mg/mL, 350 mg/mL, 300 mg/mL, 250 mg/mL, 200 mg/mL, 100 mg/mL,
for which the appropriate amount of potassium clavulanate (purchased from Merck)
was dissolved in distilled water and filter sterilised. The standard solutions were stored
at -80 °C. Samples (technical triplicates) were analysed by measuring absorbance at
324 nm folowing a 3Gminute incubation at room temperature on a Microplate Reader
System (BMG Labtech). A calibration curve was constructed from the CA standards,

which was used to determine CA concentrations in the culture supernatants.

<
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Total protein concentration assay

Total protein concentration within a solution was determined by pelleting 1 mL cell
culture and removing the supernatant. The cell pellet was resuspended in BugBuster
(Qiagen) (5 mL of BugBuster was used per 1 mL cell wet weight) and incubated at room
temperature for 30 minutes at 100 rpm. The solution was then spun at 20,00@%or 10
minutes. 10 pL of supernatant was added to 200 pL of Bradford reagent (BioRad) that
had been diluted 1:4 with dHO. Protein standards were made using 0 mg/mL, 0.2
mg/mL, 0.4mg/mL, 0.6 mg/mL, 0.8 mg/mL and 1 mg/mL BSA. The solution was left for 5
minutes at room temperature. Protein concentration was determined using a Microplate
Reader System (BMG Labtech) reading at 595 nm with a standard curve being used to

calculate the protein concentration within the 1 mL of cell culture.

Agar plug bioassay against Micrococcus luteus

M. luteuswas cultured overnight from a single colony isolation at 37 °C at 250 rpm in 10
mL of LB. Aliquots (1 mL) of overnight culture was used to inoculate 10 mL of fresh LB
and was grown at 37 °C at 250 rpm for 6 hours. Once grown, 15 mL of soft nutrient agar
was inoculated with this M. luteusto a final ODQyo of 0.01 and poured onto petri dishes
containing 20 mL of LB agar. Agar plugs (6 mm diameter) from L3M9 culture plates of the
10 randomly chosen endpoint S. clavuligerusSC6 pSET152 JCbx fermentation stra
were placed onto theM. luteus containing plates in triplicate. Negative controls were an
L3M9 media plug and positive controls were camoxiclav paper discs (30ug). Plates
were incubated for 24 hrs at 37 °C then zones of inhibition (mm) were measured with a

ruler.
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Glucose -6-phosphate dehydrogenase assay

Streptomyces clavuligerus was grown in Erlenmeyer flasks for 48 hours and then
centrifuged at 20,000x gfor 15 minutes (as above). The supernatant was removed, and

the remaining pellet was resuspended in 3 mL of iceold PBS. Then, 150 uL of 20 mg/mL

lysozyme was added and incubated for at 250 rpm, 37 °C for 90 minutes. The sample

was then centrifuged at 20000 x gfor 15 minutes with the supernatant being transferred

into a fresh 15 mL falcon tube. The Glucose 6 Phosphate Dehydrogenase Activity Assay

Kit T colorimetric (Abcam, ab102529) was then used to test the level and activity of

glucose 6 phosphate dehydrogenase within the supernatant according to the
GecUenchHagel Ul kt WNaRTWGRUOWJY OW AH#qR2Rq! Ws ¢t WOYI @

using a totd protein concentration assay.

Phase contrast microscopy

Streptomyces clavuligeruswas cultured in 250 mL Erlenmeyer flasks containing 50 mL
of TSB for 48 hours at 26 °C and 250 rpm. A 10 uL aliquot of culture was applied directly
onto a sterile glass slide for imaging. Samples were visualised using a-2800 inverted
widefield epi-fluorescence microscope (Nikon, Japan) equipped with a x20/0.50
numerical aperture objective lens. Phase contrast images were acquired with a
Hamamatsu ORCA100 CCD camera under tungsterhalide illumination. Images were

collected using NIS Elements software and processed in FIBIE #6 RUT IJd RU W q We T K

Images were scaled at 2360 pixels/mm using a 1 mm graticule (Anag/Set Scale). The
area of cell aggregates was measured by manually outlining pellets with the freehand
drawing tool, followed by Analge/Measure. Processed images were flattened

(Image/Overlay/Flatten) and exported for further analysis.
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ImageJ analysis

Colony size was quantified from plate images using Imagad EH6 RUT WG RUW W qWe G
Images were first calibrated by setting the scale with a 1 cm graticule, repeated for each

plate. Colonies were detected using the Analse Particles function following manual
thresholding against the background. Both colony area and diameter were recorded.

Output data were exported for downstream analysis.

2.5 Graphs, plots and statistical tests

All data was visualised using the ggplot2 package within Rstudifversion 2023.3.1)
unless otherwise stated. All statistical analysis was carried out using Rstudio (version
2023.3.1) running R (version 4.3.0). All Linux softwares were run using a Xubuntu (version

22.04) virtual machine.
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