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Abstract

Antimicrobial resistance is a global challenge that requires the discovery of new
antimicrobial compounds and a deeper understanding of the underlying production of
current ones. Streptomyces clavuligerus is an industrially important bacterium used for
the large-scale fermentation of the B-lactamase inhibitor clavulanic acid (CA). However,
variability during fermentation undermines productivity, with limited knowledge of how

population dynamics and evolutionary change contribute to this instability.

This thesis established and applied barcode sequencing (Bar-seq) to track strain-level
population dynamics in industrially relevant S. clavuligerus fermentations. A library of 20
isogenic barcoded strains was constructed based on the vector pSET152. Validation
experiments confirmed stable chromosomal integration and accurate quantification of
relative abundance of barcoded strains. Bar-seq revealed that population structure in
small-scale (50 mL) fermentations was stable over 48-72 hours, but scale-upto 1 L in
rich media (TSB) introduced instability and batch-to-batch variation. In contrast,
multistage fermentations in industrial media (S2A -CM5) were stable across scales up to
7.5 L, indicating that process-relevant conditions do not result in competitive

divergence.

To assess the evolution of S. clavuligerus in fermentations, barcoded populations were
passaged for 70 days (152 generations) in CM5. Replicate cultures differed in population
dynamics, with distinct strains becoming dominant, while others declined or persisted
at lower relative abundance. Whole-genome sequencing and transcriptomics linked
these shifts to specific mutations and altered gene expression, though declines in CA
titres were observed across all populations. Phenotypic assays showed variable colony
morphology and sporulation, but these traits were unreliable indicators of any

underlying population change.

12



Overall, this work demonstrates that population stability depends strongly on media and
scale. Long-term adaptation can reduce CA production despite stable short-term
population dynamics. Bar-seq provides a powerful tool for linking genotype, phenotype,
and productivity in Streptomyces, with direct implications for industrial strain

development and process monitoring.
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1.1 Anti-microbial resistance (AMR)

1.1.1 Global burden of AMR

The discovery of penicillin by Sir Alexander Fleming in 1928 (Fleming, 1929) started the
hunt for new antibiotic compounds which led to the ‘golden age’ of antimicrobial
discovery. In the 1940-1960s, around 25 new antimicrobial compounds were discovered
(Lewis, 2013). Resistance to salvarsan was the first recorded occurrence of AMR within
the clinic (Silberstein, 1924; Stekel, 2018) which marked the beginning of awareness
towards the issue. We now know bacteria, parasites, fungi and viruses have evolved to
become resistant to antimicrobial compounds to an extent where AMR has become one
of the most serious global burdens of the modern day. The AMR endemic is thought to
be driven by the overuse of antimicrobials within clinical and agricultural settings (Llor
and Bjerrum, 2014). Although it is difficult to directly contribute fatalities to AMR, in 2019
it was estimated that 4.95 million deaths globally could be directly attributed to bacterial

AMR alone (Murray et al., 2022).

The ‘silent pandemic’ of AMR is only worsening and it is estimated that by 2050, it could
become the leading cause of death worldwide due to the once reliable antimicrobial
compounds being ineffective towards pathogens (O’Neill, 2016). In addition, the COVID-
19 pandemic has hampered global efforts to tackle antimicrobial resistance. For
example, 72% of patients hospitalised by COVID-19 received antibiotics during
treatment whereas only 8% of those patients presented with bacterial or fungal co-
infections (Rawson et al., 2020). Additionally, in England, dental antibiotic prescribing

rose by 22% in the first year of the pandemic (Thompson et al., 2022).

There have been several efforts to tackle AMR primarily led by the United Nations. A

number of initiatives including the “One Health Approach”, the Global Action Plan for
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managing AMR (GAP-AMR) and the Global Antimicrobial Resistance and Use
Surveillance System (GLASS) all aim to tackle to burden of AMR (World Health
Organisation, 2021). However, initiatives alone will not reduce the burden of AMR. This is
highlighted by the lack of new antimicrobial compounds coming to market and the
apparent apathy towards the issue by ‘big pharma’ (Prestinaci et al., 2015). For example,
only eight new classes of antimicrobial compounds have been approved for use since
the 1960’s (Saloni, 2024) and of the 32 antibiotics currently in development, only four
are designed for use against a World Health Organization (WHO) ‘critical pathogen’

(World Health Organisation, 2024).

Scientific, economic, and regulatory barriers have all contributed to this stagnation,
despite rising global resistance (World Health Organisation, 2024). To combat AMR, we
must accelerate the discovery of new antimicrobials and improve our understanding of

current compounds, their mechanisms, and production.

1.1.2 Mechanisms of AMR

AMR arises when a microorganism survives exposure to an antimicrobial compound. It
is microbes’ rapid reproduction rate and large population sizes that allow them to
develop AMR so quickly. Two mechanisms exist that facilitate the development of AMR,
namely, spontaneous mutations and horizontal gene transfer (HGT). While external
factors have an impact on the rate of spontaneous mutation within bacteria, that rate is
around 10®mutations per base pair per generation (Martinez and Baquero, 2000; Torii et
al., 2003) and may of course occur in genes contributing to AMR. Three main mechanism
exists relating to HGT, those being, transformation, transduction and conjugation
(Munita and Arias, 2016). Of the 12 bacterial groups published by the WHO in 2017 being

listed as ‘priority pathogens’, 11 groups either perform or are predicted to have natural
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competence for the horizontal gene transfer of antimicrobial genes (Lerminiaux and

Cameron, 2018), underscoring how important HGT is for AMR acquisition.

Whether through spontaneous mutations or HGT, there are several possible
mechanisms leading to AMR. Firstly, the antimicrobial compound itself may be altered.
For example, through the production of B lactamases (Abraham and Chain, 1940; Baran
et al., 2023). Another mechanism of AMR is through either the efflux of antimicrobials
from the cell or the cessation of the compounds entering the cell in the first instance
(Lorusso et al., 2022; Pages et al., 2008). In these cases, the antimicrobial compound
does not make it to the target site within the cell and therefore is rendered ineffective. A
third mechanism for AMR is the alteration of the molecular structure of the target site for
an antimicrobial compound. Here, while the cell’s function is maintained, the binding
mechanism of the antimicrobial is stopped (Munita and Arias, 2016; Weisblum, 1995).
The last mechanism by which AMR may be acquired is through bacteria bypassing the
affected pathway altogether. This is done through holistic cell adaptions allowing
alternative enzymes and pathways to perform the affected function, this redundancy
allows the cell to function even when exposed to the antimicrobial compound (Munita

and Arias, 2016; Ramamurthy et al., 2022).

1.1.3 Searching for new antimicrobials and understanding current ones

Although fewer new antimicrobials are reaching clinical approval, research continues to
discover novel compounds. Most of our current antibiotics are natural products isolated
from Actinomycete species (van Bergeijk et al., 2020) largely isolated from terrestrial
environments due to the ease of sampling (Bizuye et al., 2013; Crits-Christoph et al.,
2018). As a result, it is thought that we have exhausted terrestrial environments for their

natural products, and the search has gone further afield. Given the fact that many of the
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natural products we use today are isolated from extremophiles such as Actinomycete
species found in the Antarctic and Atacama deserts (Bull et al., 2016; Waschulin et al.,
2022), it is thought looking in other extreme and non-terrestrial environments may yield
further, novel natural products. For example, marine, swamp, and insect-microbe
symbioses environments are currently being explored in the hope that they will yield new
species of Actinomycete that produce novel antimicrobial compounds (Batey et al.,

2020; Duncan et al., 2015; Zhang et al., 2023).

As well searching for novel antimicrobial compounds, it is also crucial to deepen our
understanding of how existing antimicrobials function and are produced. Broadly, the
improved knowledge of current antimicrobials can be split into two groups, upstream

and downstream knowledge.

Upstream knowledge refers to the species that produce antimicrobials and the
antimicrobials themselves. This includes the elucidation of biosynthetic gene clusters
(BGCs), where genome mining has discovered many BGCs that should theoretically
produce antimicrobial compounds that are not expressed under laboratory conditions
(Rutledge and Challis, 2015; van Bergeijk et al., 2020). Our knowledge of BGCs can be
split into four groups, known knowns, where both the cluster and its product are
characterised, known unknowns, where a cluster is identifiable but its product is not,
unknown knowns, where a natural product is known but the responsible cluster has not
been linked, and unknown unknowns, which represent clusters and products beyond
the reach of current detection methods and require new discovery approaches
(Hoskisson and Seipke, 2020). Efforts are therefore directed at activating cryptic BGCs

and optimising production through genetic and environmental manipulation. This
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includes using co-culturing, chemical elicitors, and alteration of global regulation to

induce expression (Gao et al., 2012; Moore et al., 2012; Rateb et al., 2013).

Downstream improvement of current antimicrobial compounds focuses on production
processes, specifically relating to fermentation and purification. Better understanding
how fermentation parameters, such as carbon source, pH, oxygen and nutrient
limitation is important for achieving high yields at industrial scale (Harms et al., 2017).
Aspects such as how batch or continuous culture affects antimicrobial production have
also been investigated (Hoskisson and Hobbs, 2005). Strain engineering is widely used
to boost antimicrobial production (Abbate et al., 2023). For example strain engineering
has allowed antimicrobials to be produced by bacteria in a ‘high synthesis-low growth
state’ through the channelling of metabolic flux away from key cellular processes to
secondary metabolite production (Mannan et al., 2025). One such group of bacteria that
are important for the production of secondary metabolites and are a focus of strain

engineering are the Actinomycetota and Streptomyces.

1.2 The Actinomycetota and Streptomyces

1.2.1 Introduction to Actinomycetota and Streptomyces

Actinomycetota are a phylum of genetically diverse bacteria that have been isolated
from terrestrial, marine and other, more extreme environments. They are characterised
as being Gram-positive and have an unusually high G+C content, ranging from 60-70%
(Barka et al., 2015; Ventura et al., 2007). Actinomycetota superficially resemble fungi
due to filamentous morphology, distinctive hyphal growth leading to sporulation and the
formation of aerial hyphae (Ait et al., 2015). Actinomycetota are also characterised by

their ability to be both chemoautotrophic and heterotrophic with an ability to metabolise
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complex polysaccharides (Flint et al., 2012; Zimmermann, 1990). Actinomycetota are
also saprophytic, aerobic and morphologically diverse. The unusual morphologies of
Actinomycetota and unique genetic characteristics, such as the high G+C content, lends

the phylum to a wide range of biotechnological uses (Gohain et al., 2020).

The Actinomycetota phylum is one of the most populated phyla of all, containing the
largest bacterial family, the Streptomycetaceae, which was first isolated in 1943 and is
also the home to the genus Streptomyces (Waksman and Henrici, 1943). The isolation of
the first Streptomyces species, Streptomyces griseus was quickly followed by the
discovery that the species could produce streptomycin (Schatz et al., 1944), securing
the organism’s status as a significant secondary metabolite producer. Selman Waksman
contributed much to the field of Streptomyces research while still in its early stages
during the 1920s and 1930s (Waksman, 1958). David Hopwood was also instrumental in
the field of Streptomyces research and made the discovery that Streptomyces was nota
fungi when he discovered DNA existed freely within the cytoplasm, and not within a

nuclear envelope, using electron microscopy (Glauert and Hopwood, 1959).

Streptomyces are best known for their industrial uses due to their prolific production of
secondary metabolites. The genus is responsible for more than 80% of bacterial
bioactive natural products, far outstripping other genera of bacteria. It also has other
industrial uses aside from the production of important antibiotics such as bioenergy,
herbicidal bioremediation and biocatalysts (Gomez-Escribano et al., 2021; Spasic et al.,
2018), and the production of 50-55% of all antibiotics (Maiti et al., 2020). The clinical
uses of Streptomyces secondary metabolites alone covers antimicrobials,
immunosuppressives, anti-cancer agents, antifungal, anti-virulent,

immunosuppressive, and anthelmintics (Chevrette et al., 2020; Gomez-Escribano et al.,

20



2021; Hoskisson and Seipke, 2020). It is this wide range of biotechnological and clinical

uses that make Streptomyces so important.

1.2.2 Taxonomy, life cycle and morphology

Streptomyces are phylogenetically and morphologically diverse. Numerous evolutionary
events across all environments have led to great variation between species, and as such,
makes it difficult to phenotypically identify species (Labeda et al., 2012). Additionally,
the complex nature of Streptomyces genomes and the high levels of horizontal gene
transfer have also made it difficult for taxonomical classification of species (Kiepas et
al.,, 2023). The difficulty in morphological and taxonomic classification of the
Streptomyces is not helped by the fact that the genus has the greatest number of

described species across all bacterial genera.

Despite the difficulty in classification, all Streptomyces possess an unusual and
complex lifecycle that enables them to survive and disperse in a wide range of
environments. This survival and dispersion in otherwise hostile environment are largely
due to the formation of spores (Ensign, 1978; Mayfield et al., 1972), under the control of

a complex cascade of global secondary messengers (Bibb, 2005).

Streptomyces exist for large periods of time as spores, especially under nutrient-starved
conditions (Williams et al., 1972). The transition of Streptomyces from vegetative growth
to reproductive growth, as well as the production of secondary metabolites, are tightly
controlled by nutrient limitation, facilitated through several nucleotide secondary

messengers.

The Streptomyces life cycle begins with the germination of a dormant spore, triggered by
environmental cues indicating nutrient availability. This involves swelling, polarisation,

and the emergence of one or more germ tubes. These tubes grow by polar extension at
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the hyphaltips, a process driven by the polarisome complex, which includes FilP, DivIVA,
and Scy (Hempel et al., 2008; Holmes et al., 2013; Katsuya et al., 2013). New branches
also emerge laterally along existing hyphae. The resulting mycelium forms a dense,
filamentous network that penetrates the substrate, resembling root systems in soil
(Jones and Elliot, 2018). Hyphal branches extend at approximately 20 pm/ hour
(Jyothikumar et al., 2008). Under specific conditions, such as co-culture with fungi or
nutrient stress, Streptomyces can undergo exploratory growth, a rapid, non-branching
growth mode approximately 10 times faster than vegetative hyphal extension (Jones et

al., 2017). This behaviour likely allows competitive colonisation of new niches.

As nutrients become limited, development transitions to aerial hyphae formation. This
is enabled by proteins including chaplins and SapB, which lower surface tension and
permit hyphae to emerge from the colony surface (Sigle et al., 2015). Chromosome
segregation follows, coordinated by the ParAB system, ensuring that each spore
compartment contains a complete genome. The resulting spore chains eventually

mature into thick-walled, dormant spores (Figure 1.1).

This complex developmental process is tightly controlled by two major genetic systems,
the bld (bald) and whi (white) genes. Mutations in bld genes block aerial hyphae
formation, while whi mutations impair spore maturation (Chater, 2001; McCormick and
Flardh, 2012). bldA encodes a rare tRNA for the UUA codon, found in only ~2% of genes
in Streptomyces coelicolor, and is required for both aerial growth and antibiotic
production (Chater and Chandra, 2008; Hackl and Bechthold, 2015; Lawlor et al., 1987).
Another key regulator, BldD, functions as a DNA binding repressor with homology to the
A repressor, and controls multiple developmental and metabolic genes (Den Hengst et

al., 2010; Kim et al., 2006).
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Figure 1.1. The life cycle of Streptomyces. A spore germinates to form branching
vegetative hyphae (substrate mycelium), which grow across the surface. In response to
nutrient limitation, aerial hyphae are produced that differentiate into chains of spores,

completing the cycle. Created using BioRender.
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Global regulation is mediated through several signalling systems. For example,
phosphate limitation is sensed via the PhoR-PhoP two-component system, which
activates specialised metabolite biosynthesis (Rodriguez-Garcia et al., 2007).
Regulatory overlap between development and metabolism is common. For instance,
BldD indirectly controls secondary metabolism via bldA, while MtrAB, a two-component
system, regulates both sporulation and the production of antibiotics such as
chloramphenicolin S. venezuelae (Hoskisson and Fernandez-Martinez, 2018; Som et al.,

2017).

1.2.3 Life cycle within liquid culture

The life cycle of Streptomyces within liquid culture differs from that of Streptomyces in
solid conditions. Streptomyces species grow as mycelial aggregates in liquid culture
which is known to affect production of specialised metabolites (Nieminen et al., 2013a;
van Dissel et al., 2014). Submerged cultures of Streptomyces usually exhibit three types
of growth (Paul and Thomas, 1998), namely, freely dispersed mycelia, open mycelial

networks, and pellets with a nutrient-deprived centre.

Factors such as agitation, aeration, temperature and batch size have also been
investigated as to the efficiency of Streptomyces fermentation within liquid culture
(VianaMarques et al., 2018). Hyphal fragmentation is common and serves as the primary
means of dispersal in liquid media, replacing the sporulation-dependent dispersal of
terrestrial environments. The shift from a multicellular, surface-based life cycle to a
submerged, pelletised form represents a fundamental change in morphology, with
implications for nutrient uptake, oxygen diffusion, and physiological heterogeneity
across the culture. This fundamental change is an important consideration for antibiotic

production via fermentation and must be accounted for when optimising processes.
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1.3 Streptomyces clavuligerus

1.3.1 Introduction

S. clavuligerus is an industrially relevant streptomycete best known for its production of
clavulanic acid (CA), a clinically used B-lactamase inhibitor. It was first isolated from a
South American soil sample in the early 1970s and originally described for its production
of two novel cephalosporin antibiotics (Higgens and Kastner, 1971). The species name,
‘clavuligerus’, comes from the Latin clavula, meaning little club, referring to the club-
shaped appearance of its hyphae under the microscope (Reading and Cole, 1977). Like
most streptomycetes, S. clavuligerus is a filamentous, sporulating, Gram-positive
bacterium with high G+C content and a distinct fuzzy colony morphology. It is typically
isolated from soil, in line with the terrestrial distribution of most Streptomyces species

(Chater, 2016).

Unlike model species such as S. coelicolor, comparatively little work has been done on
the core genetics of S. clavuligerus outside of its role in secondary metabolism. The
genome consists of a linear chromosome of approximately 6.8 Mb and four linear
plasmids, namely pSCL1-4 (Figure 1.2). Originally three of the four plasmids were
isolated using pulse field gel electrophoresis (Netolitzky et al., 1995). In 2010 a
scaffolded Sanger-based assembly with a 6.76 Mb chromosome and a single 1.8 Mb
mega plasmid, was published (Medema et al., 2010). However, a different group also
published a draft genome of S. clavuligerus in the same year, and reported four linear

plasmids (Song et al., 2010b). A higher-quality assembly in 2019 resolved the
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Start (0)

End (6,748,853)

Chromosome 2,000,0007 4,000,0007 6,000,000
Start (0) End (11,656)
pSCLA1 75007 50007 75007 10,000
Start (D) End (149,779)
pSCL2 25,0001 50,000' 75,000 100,000 125,000'
Start (0) End (455,277)
pSCL3 100,000" 200,000 300,000 400,000
Start (0) End (1,795,699)
pSCL4 500,0007 1,000,0007 1,500,0007

Figure 1.2. Genome arrangement of S. clavuligerus DSM738. S. clavuligerus has a
6.75 Mb chromosome alongside 4 plasmids termed pSCL1-4 ranging from 11 Kb to 1,796

Kb in size (not to scale).
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chromosome and pSCL4 using PacBio and Illumina sequencing but again failed to detect
pSCL1-3 (Hwang et al., 2019). More recently, a complete genome of a long-maintained
ATCC 27064 isolate from the University of Ledn was published (Gomez-Escribano et al.,
2021), addressing some of these inconsistencies. Across these studies, plasmid
detection has been variable, reflecting ongoing technical and biological issues with
replicon stability. All of these factors contributing to the various assembly types and
genomic rearrangements of the S. clavuligerus genome can broadly be termed genome

dynamics or genome plasticity (Rios-Fernandez et al., 2024).

As of June 2025, 31 assemblies of S. clavuligerus are listed in the NCBI genome
database. These vary in total size and plasmid content. Each assembly contains
between one and four plasmids. The smallest complete assembly is 7.60 Mb
(GCA_015767895.1), while the largest is 9.16 Mb (GCA_028752555.1). Most complete
genomes include a chromosome of ~6.7-6.9 Mb, and in assemblies with four plasmids,
the largest plasmid (pSCL4) is consistently around 1.8 Mb. These differences arise from
the challenges associated with sequencing large linear chromosomes, which are
complicated by the complex secondary structures formed at the telomeres of the

replicons.

The arrangement of genes within the S. clavuligerus genome also play an important role
within its genetic makeup. Core genes of S. clavuligerus are clustered towards the centre
of the linear chromosome, with accessory genes including most BGCs, being found
towards the ends of the chromosome (arms; Bentley et al., 2002; Medema et al., 2010).
The central region is more likely to be stable and conserved, while the arms are more
prone to deletions, rearrangements, and horizontal gene transfer (Choulet et al., 2006;

Cruz-Morales et al., 2013). This is also true for other Actinomycetota such as
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Micromonospora (Mark et al., 2024). BGCs on the arms are therefore less stable and
more likely to be lost during strain manipulation (Romero-Rodriguez et al., 2016). This
structure reflects a trade-off between maintaining essential functions and allowing

flexibility in specialised metabolism.

1.3.2 Genotypic heterogeneity

The largest plasmid, pSCL4, has been shown to play a key role in maintaining
chromosome integrity. Targeted deletion of pSCL4 causes loss of terminal regions and
circularisation of the chromosome, consistent with a structural role in preserving
chromosome linearity (Gomez-Escribano et al., 2021). In some cases, loss of pSCL4 has
also been associated with the circularisation and significant genetic instability of the
chromosome (Mohit, 2023). Although loss of pSCL4 can cause genetic instability, other
studies show it does not affect viability, highlighting the inconsistent genetics of S.

clavuligerus (Alvarez-Alvarez et al., 2017).

In contrast, pSCL1-3 appear dispensable for chromosomal structure and stability,
deletion mutants show no major rearrangements or growth defects (Mohit, 2023). Their
size and low gene content suggest they serve more accessory roles. A summary of the

structure and stability impact of each plasmid is shown in Table 1.

1.3.3 Phenotypic heterogeneity

While little work has been done detailing the phenotypic heterogeneity of specifically S.
clavuligerus, the discussed genetic plasticity can lead to phenotypic differences.
Studies relating to the phenotypic heterogeneity are often contextualised to
fermentation conditions due to the industrial use of the species (Lemoine et al., 2017).
This also mean they often relate to submerged cultures where the life cycle differs to that

on solid agars. Morphologically, smaller or fragmented mycelial forms are associated
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with increased CA production, likely due to improved oxygen and nutrient diffusion
(Belmar-Beiny and Thomas, 1991; Gémez-Rios et al., 2024, 2022). In contrast, larger
pellets often suffer from internal mass transfer limitations and reduced metabolic
activity. Agitation plays a key role in heterogeneity, moderate shear reduces pellet size
and enhances CA production, but excessive shear damages cells. Many other
fermentation parameters such as pH, carbon source and nitrogen source and also affect
phenotypic aspects of S. clavuligerus and therefore CA production (Viana Marques et al.,

2018).
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Table 1. Architecture and characteristics of S. clavuligerus DSM738 genome. Adapted

from Mohit, 2023.

Chromosome pSCL4 pSCL3 pSCL2 pSCL1
Sequence 6.8 Mb 1.8Mb | 455.3kb | 149.8kb | 11.7kb
length
G+C% 72% 72% 72% 72% 72%
Coding 5,700 1,581 528 175 12
sequences
Secondary
metabolite 23 17 1 0 0
BGCs




Growth and development of Streptomyces are similarly variable across a population
(Hoskisson et al., 2024). Secondary metabolite production is accompanied by a
transcriptomic change in both solid and liquid cultures (Yague et al., 2014). This
transition is however not consistent across a cultures, while some hyphae remain
vegetative, others enter the stage of their life cycle where they are producing secondary
metabolites, and a subset undergoes programmed cell death (Manteca and Yagtie, 2018;
Yague et al., 2012). The result is a mixed population at different physiological stages,

even under identical conditions.

Temporal differences have also been seen in expression of key genes within CA
biosynthesis. Levels of CcaR, a key regulatory gene in both CA and cephamycin C
biosynthesis vary greatly between exponential and stationary growth within submerged
culture (Kyung et al., 2001). Additionally, studies of S. clavuligerus on solid agar also
support functional differentiation. For example, in the same study, CcaR was expressed
in the substrate mycelium but not in aerial hyphae, indicating a developmental division

even within single colonies (Kyung et al., 2001).

Differences in growth form, gene expression, and metabolite production exist both
across and within colonies, and even under supposedly identical conditions. This is
compounded by the fundamental shift in life cycle between solid and liquid cultures. On
solid agar, sporulation allows for dispersal whereas in liquid, dispersal relies on
fragmentation. These differences are not simply superficial, they affect regulation,
development, and metabolic output. As a result, generalising findings from one growth

condition to another is unreliable. Any study of S. clavuligerus must account for this.

31



1.4 Secondary Metabolism in Streptomyces clavuligerus

1.4.1 Streptomyces are a potent producer of secondary metabolites

S. clavuligerus, like all Streptomyces, is a prolific producer of secondary metabolites.
Streptomyces are thought to produce around 100,000 antibiotic compounds (Alam et
al., 2022) with each Streptomyces species having between 25 and 70 secondary

metabolite BGCs.

The levels of secondary metabolites produced by Streptomyces are often related to
environmental stress. Indeed the primary and secondary metabolism within
Streptomyces has been shown to be closely linked (Schniete et al., 2018). The process
by which genes responsible for sporulation are linked to those responsible for the
regulation and biosynthesis of secondary metabolites is termed as pleiotropic switching

(Barona-Gomez et al., 2023; Botas et al., 2018; Nieselt et al., 2010).

One such example of the close link between the regulation of primary and secondary
metabolism is the key secondary messenger cyclic di-GMP (c-di-GMP). The primary role
of c-di-GMP is the through the binding to the key transcriptional regulator BldD, enabling
the dimerization of BldD and thus repression of genes responsible for aerial growth,
leading to vegetative growth (Latoscha et al., 2020, 2019; Tschowri et al., 2014). This
repression of sporulation allows for metabolic flux to be channelled towards biomass
accumulation and secondary metabolism. The regulation of growth is further controlled
through c-di-GMP through its binding to the sigma factor ¢""°. This binding in turn
controls two transcription factors responsible for spore formation, showing the c-di-
GMP has a global role in the life cycle and primary metabolism of Streptomyces
(Gallagher et al., 2020). Further to this, c-di-GMP binds to GlgX to promote the

degradation of glycogen stores within the cell during periods of sporulation
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(Schumacher et al., 2022). The levels of c-di-GMP within the cell have been observed to
fluctuate dynamically, being high during vegetative growth, low during developmental
initiation, and high again during sporulation (Gallagher et al., 2024), highlighting the

molecules role within the development of Streptomyces life cycle.

Additionally, studies have been performed in S. coelicolor where manipulation of
diguanylate cyclase enzymes, responsible for the regulation of c-di-GMP itself alters the
production of secondary metabolites actinorhodin and undecylprodigiosin alongside
changes in morphological development (Al-Bassam et al., 2018). Broadly it can be
concluded that increased levels of c-di-GMP support enhanced antibiotic production in
Streptomyces due to the move of metabolic flux away from sporulation towards
secondary metabolism (Latta and Bechthold, 2022). As a result, regulation of c-di-GMP
levels within the cell would be an appropriate target for the manipulation of industrial

stains of Streptomyces to increase the production of their antibiotic products.

1.4.2 Secondary metabolism within S. clavuligerus

S. clavuligerus has 58 secondary metabolite BGCs (Hwang et al., 2021), but only around
a third of the proteome (2,442) of S. clavuligerus has been directly studied and reported,

showing much research is still be completed on the species (Ferguson et al., 2016).

However, S. clavuligerus is well known for its important natural products clavulanic acid
(CA) and cephamycin C, both of which have tightly linked regulation. CephamycinCisa
broad-spectrum B-lactam antibiotic whereas CA is a B-lactamase inhibitor, making it
clear why the regulation and metabolism of these two compounds are tightly linked. CA
is a secondary metabolite product produced by and named after S. clavuligerus (Figure
1.3). CAiis afour membered B-lactam ring that is administered clinically alongside the B-

lactam antibiotic amoxicillin under the brand name Augmentin™, more commonly known
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as co-amoxiclav, which itself is on the World Health Organisations list of essential
medicines (World Health Organisation, 2021). The clinical importance of CA lies in its

ability to counteract B-lactamase mediated beta-lactam resistance.

B-lactamases hydrolyse the B-lactam ring of penicillins, cephalosporins, monobactams,
and carbapenems. CA inhibits B-lactamases by acting as a suicide inhibitor. It binds to
the enzyme’s active site and undergoes a reaction that irreversibly inactivates the
enzyme (Knowles, 1985). This inhibitory activity relies on the 3R,5R stereochemistry of

its strained bicyclic nucleus.

Similar to the mode of action itself, the method of biosynthesis of the molecule is also
documented (Liras and Martin, 2021; Paradkar, 2013; Saudagar et al., 2008). The
molecule is produced from the precursor molecules glyceraldehyde-3-phosphate and
arginine. The biosynthesis of CA is often split into late and early stages with
corresponding genes. The early stage sees glyceraldehyde-3-phosphate and arginine
converted to dihydroclavaminic acid while the late-stage reactions see this

dihydroclavaminic acid converted to CA (Figure 1.4).

As mentioned, the genes responsible for production of CA can also be splitinto late and
early genes. The early genes within the biosynthetic gene cluster have been entirely
duplicated within the genome (Jensen et al., 2000) and located on the megaplasmid
pSCL4, however there is a full set of genes responsible for the production of CA on the

chromosome.
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The transcription of the CA BGC is subject to regulation by two key regulatory genes,
CcaR and ClaR (Paradkar, 2013). ClaR is a LysR type transcriptional activator which
positively regulates the late stages of CA biosynthesis. Loss of any late-stage genes from
the BGC can cause a complete loss of CA production, while a knockout of the genes
responsible for the early stages of biosynthesis results in only a conditional loss of the
production of the molecule due to the paralogues in the duplicated gene set (Paradkar,
2013). A recent comparative genomics study was undertaken to elucidate the ‘core
genes’ required for the production of CA (AbuSara et al., 2019), and found that the
clavam and paralogue gene clusters are not required for the production of CA and
reaffirmed the duplication of the ceaS7, bls7, and pah1 early stage genes within pSCL4.
Furthermore, B-lactam superclusters are present in CA producing strains such as S.
clavuligerus and S. jumonjinensis, which are absent in non-CA producing strains
(AbuSara et al., 2019). While progress has been made in understanding the production

of CA, a complete understanding of the biosynthetic gene cluster is still some way off.

As mentioned, regulation of CA biosynthesis is initiated by the SARP family regulatory
protein CcaR, located in the adjacent cephamycin C BGC (Santamarta et al., 2011;
Wietzorrek and Bibb, 1997). One target of CcaR is the late-stage biosynthetic regulator,
ClaR, another member of the SARP family of proteins. Knockout strains of CcaR are
unable to produce both CA and cephamycin C suggesting itis essential for the regulation
of both molecules (Paradkar, 2013). While CcaR is considered a cluster situated
regulator, itis also suggest to be regulated by a number of global elements ubiquitous in
Streptomyces (Bibb, 2005). CcaR is indirectly regulated by environmental stresses,
nutrient availability, and growth rate (Kyung et al., 2001). It is also a target of the
developmental regulator bldG, an anti-anti-sigma factor. Knockout of bldG abolishes the

production of both CA and cephamycin C by eliminating CcaR expression (Bignell et al.,
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2005). As aresult of this regulation and due to the clinical relevance of CA, the BGC has
been the subject of metabolic engineering efforts, including heterologous expression

and regulator overexpression to enhance yields (Jnawali et al., 2010).

1.5 Industrial production of antimicrobials

1.5.1 Overview of fermentation

One key technology responsible for the production of antimicrobial compounds at an
industrial level is fermentations. While humans have been using fermentation
technology for over 11,000 years it is only within the past century that we have been able

to truly harness production at the scale of 100,000s of litres (Perkins, 2025).

Industrial-scale antimicrobial fermentations occur at ranges from 10,000 L to over
150,000L (Li et al., 2015). These processes use submerged liquid fermentation for
bacteria and yeast, and solid-state fermentation for filamentous fungi (Green et al.,
2024; Gu et al., 2024). Nutrient media typically include a carbon source (e.g., glucose),
nitrogen (e.g., plant protein extracts), trace elements, and sometimes inducers. All of
which are optimized for cost, efficiency and yield. Fermentation types include batch,
fed-batch, continuous, and solid-state systems, each offering distinct control over

nutrient supply and product formation (Hoskisson and Hobbs, 2005).

1.5.2 Multistage fermentations

Often, industrial fermentations are done over multiple stages, each promoting different
parts of the cell cycle (Deindoerfer and Humphrey, 1959). These fermentations are
termed multistage fermentations and are split into a first stage(s) (seed) and second

stage (production). The seed stage is used to promote the growth of biomass, which is
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then used as an inoculum for the production stage, which promotes the production of
the desired secondary metabolite. As the seed stage is for the promotion of rapid
biomass accumulation it is often run for no longer than 48 hours. The production stage
of the fermentation is run for as long as the bacteria produces the desired product at an
appropriate level before entering the death phase, often around 5 days (Taurino et al.,

2011).

The seed and production stage are distinct because the conditions promoting each are
different, such as a change in pH or temperature. However, the most common difference
between the two stages are the media (Wentzel et al., 2012). Especially considering
Streptomyces different stages of growth, having conditions that promote primary and

secondary metabolism is important and an area of ongoing research.

1.5.3 Scale up challenges

Due to the industrial nature of fermentations much of the research conducted on them
is proprietary, therefore, despite their importance there is relatively little published
research on fermentation conditions. Within published literature, production is tightly
regulated via real-time monitoring of pH, temperature, dissolved oxygen, agitation, and
foam (Xia et al., 2021). Unlike lab-scale setups, which allow precise control in small
flasks, scaling up introduces challenges such as poor oxygen transfer and mixing
inefficiencies. Engineers apply scale-up models (e.g., oxygen transfer rate matching) and
simulation tools to bridge the gap between lab and industrial conditions (Rastadter et
al., 2023). Media composition must balance cost with functionality, and processes must
accommodate sterilization, anti-foaming, and downstream recovery to ensure
commercial viability. These constraints distinguish industrial fermentations from

flexible, small-scale lab experiments (Kumar et al., 2021).
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Aspects such as mixing, mass transfer, heat transfer and product concentration all alter
the growth dynamics of a strain within a fermentation process (Reisman, 1993). Most
fermentation vessels, commonly used in industrial processes and receive substrate
from the top while being aerated from the bottom. This configuration typically shows a
negative correlation between aeration and mass transfer and the height of the vessel.
This is due to longer distances needing to be covered by the air and substates (Schmidt,

2005).

This dependency on mixing also means that aspects such as impeller design greatly
affect the nutrient homogeneity throughout the fermentation vessel which allows for a
significant variable from lab to industrial scale fermentation (Xia et al., 2021). To this end
a key aspect of scale up is oxygen transfer rates within a vessel, especially in industrial
medias that are often more viscous than lab-based medias. Vessels are continuously
supplied with oxygen, however with an increasingly large fermentation vessel,
maintaining a consistent oxygen transfer rate for all cells within the culture becomes

more difficult (Garcia-Ochoa and Gomez, 2009).

As discussed, Streptomyces are filamentous organisms within submerged culture
fermentations. This is specifically significant considering shear forces play a role within
fermentation scale up and specifically on the morphology of filamentous organisms.
While analysis of shear forces rely on complex fluid dynamics to assess the affects,
attempts have been madeto do so (Li et al., 2020). It has been suggested that while shear
forces do play a role in fermentation productivity, the amount found within an industrial
bioreactor is well below the limit of what cells can tolerate before becoming unviable

(Pawar, 2018).
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The study of the effects of shear force on a fermentation productivity is not aided by the
fact that many organisms react differently to an increased level of shear force when
scaling up to industrial levels. This is due to the different morphologies under which
different bacterial species best produce natural products. For example S. avermitilis and
Aspergillus niger both best produce avermectin and citrate, respectively, under pelleted
conditions (Gomez et al., 1988; Yin et al., 2008). These would result from lower shear
stress. However, Penicillium chrysogenum best produces penicillin as free mycelium
(Veiter et al., 2018), experienced under higher shear stress conditions. Importantly,
previous work has demonstrated that CA production is enhanced when S. clavuligerus
grows as small, dispersed pellets, rather than as large aggregates or free mycelia, due to
improved mass transfer and metabolic activity (lves and Bushell, 1997). These examples
highlight the difficulties in having a universal scale up of secondary metabolite
production from lab scale to industrial, with case-by-case scale up solutions needing to

be found for various growth dynamics of different species.

Additional shifts in metabolism have been observed with scale up of fermentation. For
example, it is the additional stresses of nutrient deprivation mentioned above that may
causes changes to the stress-responses within cells. This in turn causing changes to the
glycolysis, citrate cycle and amino acid biosynthetic pathways within cells (Schmidt,
2005). Additionally, plasmids being passed onto daughter cells is essential for the
production of some secondary metabolites. It has been found that the high stress
environment caused by scaling up can negatively impact plasmid stability especially due
to the increased or decreased concentration of, for example, glucose within the

fermentation vessel (Neubauer et al., 2003).
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While there are no published studies that specifically explore the effects of production
scale up when using S. clavuligerus within fermentation, several examples of the effects
of scale up on a strains production have been previously documented. A study in E. coli
investigated the emergence of non-producing cells during scale-up through analysis of
growth rate and product formation of mevalonic acid (Rugbjerg et al., 2018). Here,
‘escape rate’ is used as a term to describe the emergence of mutations that lead to non-
producing strains. The impact of production load, which is defined as the sum of the
effects experienced from the fitness cost of pathway-specific biosynthesis, which is
dependent on the metabolic burden of production of the specific product and the
accumulation of inhibitory intermediates and by-products. The authors demonstrated
that increased production load increases the escape rate, which negatively affects the
mevalonic acid titre. Moreover, biosynthesis of mevalonlic acid is disrupted during the
fermentation process, resulting in non-producing strains. This suggests that forcing
strains to produce unnaturally high levels of a metabolite is likely to increase the
metabolic burden on a strain and increase escape rates (Figure 1.5). In the same study,
three lineages of industrial strains were sequenced over various timepoints to detect
mutations within the individual genes responsible for the production of mevalonic acid.
The authors found no detectable genetic variance (i.e. SNPs in above 1% of the
population) in agreement with another study that showed up to a nine-fold increase in
free fatty acid production from E. coli despite a lack of genetic variance between various

strains.
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Figure 1.5. Escape rate model of various fermentation volumes given load. (A)
Example of scaling up throughout an industrial fermentation, leading to increased
production load. (B) Mathematical models can be used to predict the fraction of non-
producing cells within a fermentation. Demonstrating that an increased production load
also increases the escape rate. (C) As production load increases the escape rate
increases causing more non-producing strains. Molecular microbiological methods can
be used to track this heterogeneity within a population. Adapted from Delneri, 2010;
Payen et al., 2016; Robinson et al., 2014.
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The authors argue that these differences are due to nongenetic variances such as
uneven cell division, epigenetic variation and mRNA instability (Xiao et al., 2016).
Importantly, the study did find that as the number of generations in the fermentation
increased, the copy number of the mevalonic acid biosynthetic pathway containing

plasmid decreased (Rugbjerg et al., 2018).

1.5.4 CA fermentation

Since the advent of CA being produced on an industrial scale by S. clavuligerus, the
fermentation process has become a critical factor in the titre and consistency of CA
directly affecting profit from the product. The global production of CA can be attributed
to just a few key fermentation sites such as in the UK, China and India. For example an
industrial site in Mumbai has recently announced its plans to produce around 300
tonnes of CA per year (Thacker, 2024). However, this pales in comparison to
GlaxoSmithKline’s ambitions to produce 1,250 tonnes of CA at their Irvine industrial site,
up from 900 tonnes (O’Keefe, 2016). CA fermentations commonly use complex media
containing glycerol and soy-based nitrogen sources, which have been shown to enhance

CAvyields when paired with fed-batch strategies (LOpez-Agudelo et al., 2021).

CA as a product has been well documented as being unstable in industrial media,
synthetic buffer and pure water under neutral and alkaline pH (Lépez-Agudelo et al.,
2021), resulting in loss of product (Brethauer et al., 2008). The optimum pH for CA
stability has been found to be 6.39 (Bersanetti et al., 2005; Haginaka et al., 1981),
whereas the optimal growth for S. clavuligerus occurs in roughly neutral pH but robust
growth has been observed in up to pH 8.5 (Higgens and Kastner, 1971). Streptomyces
species also grow as mycelial aggregates in liquid culture which is known to affect

production of specialised metabolites including CA (Nieminen et al., 2013a; van Dissel
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et al., 2014). Pellet size and density can impact oxygen and nutrient diffusion, and
smaller dispersed morphologies, as a result of higher shear stress, have been associated

with improved CA titres (Lopez-Agudelo et al., 2021).

Factors such as agitation, aeration, temperature and batch size have also been
investigated as to the efficiency of S. clavuligerus fermentation (Viana Marques et al.,
2018), which are all parameters that must be optimised for industrial fermentation of
microorganisms, as previously discussed. In addition to strain engineering, precursor
flux must also be carefully managed. S. clavuligerus diverts central carbon and nitrogen
intermediates toward both CA and cephamycin C, meaning that competition between
pathways can reduce CA titres unless biosynthetic balance is maintained (Lépez-

Agudelo et al., 2021).

A dynamic flux balance analysis (dFBA) in S. clavuligerus fermentations has been carried
out to look at the relative flux of metabolites between primary and secondary
metabolism (Gomez-Rios et al., 2022). Models for the effects that various parameters
had on central carbon metabolism within accurately predict the biosynthesis of CA and
confirmed that fed-batch fermentation prolonged the growth phase and did not reduce
or disrupt the metabolic precursors for the production of CA. More generally it has also
been found that the maintenance of central carbon metabolism is essential during the

industrial fermentation (at the 5L scale) of CA (Gdmez-Rios et al., 2022).
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1.6 Improvement and production of antimicrobial producing strains

1.6.1 Random mutagenesis

While a number of S. clavuligerus strains have been published, a great many more exist
as proprietary property. For decades industry has been producing new strains of S.
clavuligerus that produce increasing levels of CA. The goal of developing strains that
produce higher levels of CA (over the same amount of time and for the same or less
nutrient input) is to lower the unit cost of CA for the producer and therefore for the

consumer.

Strain improvement is still broadly an empirical process. This is because random
mutagenesis is still one of the most common methods for the production of new
industrial strains (Jeyachandran et al., 2023). Random mutagenesis involves causing
genetic alterations in the DNA of industrial strains to alter its phenotype, aiming towards
the production of more CA. Of course, as the nature of mutagenesis is random, many of
the new strains produced by this method will not have the desired effect, as such,
despite this method still being employed today within industry it can take many years to

produce a strain with improved CAyields (Nielsen, 1997).

A number of mutagens are employed to alter the genetic material of industrial strains.
These can be broadly classed into either chemical of physical mutagens. Physical
mutagens include either UV or gamma radiation (lkehata and Ono, 2011; Min et al., 2003)
which causes cross linking between DNA strands or single or double stranded breaks,
leading to structural changes. Chemical mutagens include, but are not limited to
compounds such as 5- bromouracil, nitrous acid and ethyl methanesulfonate (EMS;
Bokel, 2008; Hartman et al., 1994; Ma et al., 2008), which cause events such as faulty

pairings and the incorrect alkylation or methylation of bases. Specifically for S.
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clavuligerus, both chemical and physical random mutagenesis has been used for more

than 50 years to achieve strains that produce increased levels of CA (Baltz, 2011).

Random mutagenesis and selection of higher producing strains mimics natural mutation
to drive adaptive evolution. However, these industrial populations of S. clavuligerus may
suffer from bottlenecks that could affect future strain development (Cisneros-Mayoral
etal.,2022; Gregory, 2009). This is because random mutagenesis has givenrise to strains
that have increased transcriptions levels of biosynthetic genes, a greater copy number
of the desirable biosynthetic gene cluster or the loss of competing biosynthetic gene
clusters (Fiedurek et al., 2017; Medema et al., 2011; Yanai et al., 2006). However, off
target effects may also occur within higher producing strains. This means that while
industrial stains are very well adapted to produce high yields of CA within the industrial
media they are specifically selected in, the unknown off target effects to their genetic
material may lead to a reduced fitness landscape (Manna et al., 2011). This reduced
fitness landscape allows strains to be increasingly adapted to the conditions in which
they are being selected in but may shut the door to alternative pathways or methods of
higher production that could be utilised by less adapted, more generalised strains. While
work to better understand the effect of fithess landscapes on antimicrobial production
is currently ongoing, it is thought that evolutionary outcomes depended heavily on initial
conditions and chance. The work also suggest that many high fitness peaks can be
reached through a large number of pathways of fitness increasing mutations, reducing

predictability in the strain development process (Papkou et al., 2023).

1.6.2 Targeted approaches to strain improvement

While random mutagenesis has been used for the improvement of S. clavuligerus for

many decades, a focus on targeted strain improvement has developed using an
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increasingly complex molecular toolkit. Using targeted strain improvement is
advantageous as it reduces the number of off target effects within the genome of S.
clavuligerus. However, it comes at the cost of needing a deep understanding of the
genome, transcriptome and proteome of the microorganisms in order to best engineer

its metabolic pathways (Webb et al., 2022).

Although the media and laboratory conditions have a significant impact on the titre of
CA, anecdotal evidence suggests that a 2004 industrial strain, created through targeted
approaches, produced up to 3 g/l of CA which is around 30 x higher than that of the ATCC
wild-type strain (Paradkar, 2013). Several successful efforts have been made to alter
metabolism of S. clavuligerus to increase CA production. Disruption of glyceraldehyde-
3-phosphate dehydrogenase (gap-1), responsible for directing the conversion of
glyceraldehyde-3-phosphate (a direct precursor of CA) into glycerate-1,3-biphosphate in
glycolysis, resulting around a 100% increase in CA production, presumably due to
glyceraldehyde-3-phosphate being more abundant in the cell (Li and Townsend, 2006).
In addition to this increase in CA production, the authors also showed that when arginine
was used as a carbon source for the gap-1 mutants, CA production increases 200%.
Other work focussed on precursor supply have indicated that glyceraldehyde-3-
phosphate mediated upregulation of the glp operon resulted in an increase of up to 7.5
x increase in CA production when fermentations were supplemented with glycerol

(Banos et al., 2009).

Previous efforts to improve CA production from S. clavuligerus have resulted in 2 to 20-
fold increases in the production of the molecule (Song et al., 2010a). An increased

understanding of S. clavuligerus through genome sequencing could help understand the
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strain improvement process. After >30 years of industrial strain improvement, even small

gains in CA titre are of value to industry.

Recent efforts to improve strains of S. clavuligerus for CA production have allowed key
aspects of the physiology of S. clavuligerus to be elucidated. An in silico model of S.
clavuligerus detailing 1021 genes and 1494 biochemical reactions within the species
(Toro et al., 2018) utilised dFBA to show that reduced levels of phosphate and an
increased ammonia within growth media are not beneficial for the biosynthesis of CA.
Efforts to make a higher producing S. clavuligerus strains through overexpression of the
ccaR and claR genes and a frameshift mutation within the cas1 gene via random
mutagenesis increased production by ~43% (Cho et al., 2019). Similarly, overexpression
of the glycerol utilization operon increased CA production by ~31% in shake flasks (Shin

et al., 2021).

1.6.3 Molecular tools for targeted strain improvement

While the multi-omics profile S. clavuligerus is gradually better understood (Liras and
Martin, 2021) the molecular tools needed to edit its genome are of course needed. These
tools are reliant on homologous recombination and can be categorised into tools that
perform either single crossover or double crossover homologous recombination events

(Liu et al., 2018).

One such widely used tool that has been well used within the field are integrative vectors
(Figure 1.6). In Streptomyces the integrating plasmids pMS82 and pSET152, which utilise
the site specific ®BT1 and ®C31 integrase respectively are most commonly used. They
have proved to be a reliable method to integrate plasmid DNA into a host chromosome
via site-specific recombination (Kuhstoss et al., 1991). The plasmid pSET152 was first

designed and used in 1992 (Bierman et al., 1992). The plasmid integrates into an attB site
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however evidence suggests that the ®C31 integrase inserts itself into a different attB site
than that of ®BT1 due to the production of site-specific recombination system with
different specificities (Gregory et al., 2003). The integrating plasmid pMS82 was first
published in 2003 and integrates into an attB site within Streptomyces genome which
has a SC0O4848 encoding a 79-amino-acid putative integral membrane protein (Gregory
et al., 2003). Both integrase systems use unique 40 to 50 base pair attP attachment sites
within the phage DNA that integrates into the attB site within the Streptomyces genome
that create attL and attR sites as a result (Figure 4). The specific methods of action of the
att/int ®BT1 integrase and ®C31 integrase systems are widely studied (Kormanec et al.,

2019).

One barrier to the introduction of DNA to Streptomyces is the restriction-modification
systems present that restricts methylated DNA. The restriction-modification systems
exist as a defence mechanism against foreign DNA and cleaves incoming foreign DNA
but can recognise self-DNA. Workarounds include the use of non-methylating E. coli
strains (Mazodier et al., 1989). One example of a non-methylating E. coli strain is E. coli
ET12567/pUZ8002 (Larcombe et al., 2024; MacNeil et al., 1992), originally developed for
transformation into S. avermitilis the strain is both Dam and Dcm deficient allowing for
direct conjugation into Streptomyces. The plasmid pUZ8002 carries transfer machinery
forthe strain. The advantages of using methylation deficient E. coli strains for transferring
DNA to Streptomyces include the simplicity of E. coli and the lack of need to develop
protoplast formation procedures. Here, restriction barriers are completely avoided or
severely reduced and they have a number of possible oriT vectors that allow for various
methods of chromosomal integration (Kieser et al.,, 2000). However, E. coli
ET12567/pUZ8002 is not appropriate for long-term storage because the helper plasmid

pUZ8002 is unstable without antibiotic selection and often lost over time. In addition,
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the Adam, Adcm host background reduces overall genetic stability, making recovery
after freezing unreliable and therefore should be used to conjugate demethylated DNA

into Streptomyces immediately after cloning (Feeney et al., 2022).

More recent advancements in the genetic toolkit of modifications in Streptomyces
include CRISPR based systems. Broadly, CRISPR is a gene-editing system derived from
a bacterial immune mechanism that uses a guide RNA and the Cas9 enzyme to target
and cut specific DNA sequences. This allows precise modifications to genes, enabling
knockouts, insertions, or corrections in a wide range of organisms (Barrangou and
Doudna, 2016). CRISPR has been successfully used within Streptomyces on a number
of occasions. For example, a cumate-Based Inducible CRISPRi System has been used to
alter actinorhodin production within S. coelicolor (Bai and van Wezel, 2023), a CRISPR-
BEST system was used to inactivate the kirN gene within S. collinus (Tong et al., 2019)
and a pCRISPR-dCas9 system has blocked transcription within Streptomyces without
cleaving DNA (Tong et al., 2020). Additionally, CRISPR systems have been successfully
used within S. clavuligerus to alter the expression of tap and tpg genes. These genes are
essential to stop the chromosome from linearising due to their production of telomeric
terminal proteins (Mohit, 2023). However, despite CRISPRs demonstrated use within
Streptomyces, itis also clear that some CRIPSR systems are not suitable for certain uses
within S. clavuligerus. For example it has been suggested that the system
pCRISPomyces-2 is not suitable for use within S. clavuligerus despite being successfully
used in other Streptomyces species due to the plasmid being quickly cured (Gomez-
Escribano et al., 2021). The documented difficulty of working specifically with S.
clavuligerus and CRISPR systems may arise from the fact that is already possesses a
number of endogenous CRISPR-Cas systems (Rios-Fernandez et al., 2024), which may

interfere with new systems being introduced for strain improvement in the future.
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Figure 1.6. Example of an integrative plasmid inserting into a Streptomyces
chromosome. The integrative plasmid inserts into the attB within the Streptomyces
chromosome creating an attL and attR site. Adapted from Kormanec et al., 2019.
Created using BioRender.
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1.7 Population heterogeneity within fermentation

1.7.1 Why it’s important

Understanding heterogeneity (the genotypic or phenotypic diversity within a bacterial
population) within fermentation is key to interpreting and improving industrial
bioprocesses. Microbial populations are often treated as uniform, but they are
composed of subpopulations with different growth rates, metabolic activity, stress
responses, and production levels. These differences can have major effects on yield,

reproducibility, and scalability.

As discussed, phenotypic heterogeneity arises from stochastic gene expression, as well
as gradients in substrate, oxygen, pH, or waste products, even in well mixed systems
(Delvigne et al., 2014). These microenvironments help to drive population diversification.
Some cells may be in an active production state, while other cells within the culture may

be dormant.

This heterogeneity may have consequences for antimicrobial production. For example,
whole population measurements such as OD or viscosity can miss subpopulation
dynamics that affect process consistency. In recombinant systems for example, a
minority of cells may lose plasmids or enter a low expression state due to burden or
stress, reducing yield (Ackermann, 2015). Similarly, in prolonged or continuous cultures,
adaptive evolution can lead to genetic divergence. Cells may acquire mutations that help
them survive, but reduce productivity (Dragosits and Mattanovich, 2013). Without
understanding or controlling heterogeneity, processes become harder to scale and

optimise.
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1.7.2 Tools to study heterogeneity

Studying heterogeneity in microbial populations requires tools that resolve sub
population phenotypes and genotypes. Bulk measurements average out individual
differences, masking rare or transient phenotypes that can cause a drop in antimicrobial
production. An increasing number of tools allow for sub population analysis, but all

come with limitations.

Flow cytometry is used to assess variability in size, granularity, and fluorescence
markers at high throughput. It’s effective for monitoring expression heterogeneity, stress
responses, or differentiation (Delvigne and Goffin, 2014). However, it relies on
appropriate fluorescent markers and provides no spatial or temporal information. For

filamentous or adherent organisms like Streptomyces, detachment may skew results.

The lack of spatial or temporal data may be gained using fluorescence microscopy,
especially time lapse imaging, which may give an insight into heterogenetic gene
expression. It’s useful for tracking cell cycle progress (Locke and Elowitz, 2009) but the

technique is low throughput and labour-intensive.

Single-cell RNA sequencing (scRNA-seq) offers transcriptome wide profiling at single-
cell resolution. It’s powerful for identifying rare states and regulatory variation. Newer
methods like PETRI-seq adapt this to bacteria (Blattman et al., 2020), but challenges
remain. For example, low RNAyield (often seen from industrial media), incomplete lysis,
and sparse coverage as well as the cost and complexity also limit its practical use in

fermentation monitoring.

A common issue across all methods is scale. Most experiments are done under ideal lab
conditions, which do not consider factors such as gradients, shear forces, and stress

present in industrial fermenters. Many tools also require reporter constructs or staining,
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which can affect cell behaviour. Sampling is another weak point, removing cells from
their environment often distorts the very thing being measured. However, these sub-
population tools help identify causes of inconsistent yields and guide strain and process
optimisation. But interpretation needs to be grounded, detecting heterogeneity doesn’t
mean it matters. Being able to contextualise sub population behaviour to process
outcomes is key. The question of how we can monitor population dynamics within a
fermentation and how those dynamics may affect the production of antimicrobials

remain.

1.7.3 Barcode sequencing: monitoring the emergence of population heterogeneity

A key part of understanding fermentations is being able to track which strains are present
and how their frequencies change over time, even though only one, homogenous, strain
should be present within the population. Tools for this are limited. Most previous work
has relied on random transposon tagging, which isn’t always practical or scalable.
Barcode sequencing (Bar-seq) has emerged as a better alternative for tracking
population dynamics, particularly in complex or competitive environments (Wetmore et

al., 2015).

Bar-seq uses high-throughput sequencing to detect short, unique DNA barcodes
inserted into different strains. It’s a statistically powerful method for quantifying strain
abundance within mixed populations. This approach has been used extensively in
Saccharomyces cerevisiae mutant libraries to monitor strain fitness under a range of
conditions (Robinson et al., 2014), and has shown clear potential in linking genotype to
phenotype (Ferrari et al., 2021). Bar-seq has also been used to study glucose triggering

oxidative stress resistance in Candida albicans (Larcombe et al., 2023).
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Unlike approaches such as transcriptomics or proteomics which provide useful but
static snapshots of population activity, Bar-seq enables temporal tracking of strain
abundance across time points. It is only through these long term studies that allow us to
get a key insight into the evolution of microbes (Lenski et al., 1991; Stroud and Ratcliff,
2025). Bar-seq can also be used alongside omics approaches to better interpret
phenotypic changes. In S. cerevisiae, Bar-seq has helped link stress responses and drug
mechanisms to specific mutant strains (Delneri, 2010; Payen et al., 2016), offering

insight into how fitness traits emerge under different growth conditions.

Bar-seq has also been applied in combination with transposon sequencing to improve
genome annotations. For example, one study identified 11,779 protein coding genes that
were previously unannotated (Price et al., 2018). It’s also been used in Pseudomonas
putida to eliminate unnecessary metabolic pathways and improve the production of
industrially relevant compounds like levulinic acid and valerolactam (Rand et al., 2017;
Thompson etal., 2019). In another case, Bar-seq was used to assess the impact of scale-
up on mutant populations of S. cerevisiae, comparing strain fitness between shake
flasks and bioreactors (Wehrs et al., 2020). This study showed that selection pressures
differed across scale and identified several mutants with growth advantages, including
those with mutations in glycogen synthase kinase 3 (Gsk-3). The same study also tracked

population diversity during fed-batch fermentation.

Despite these applications, Bar-seq hasn’t been used to analyse Streptomyces
populations. Given the genome plasticity of Streptomyces and their role in secondary
metabolite production, Bar-seq could be a useful tool to study mutation rates and inter
strain competition during fermentations. It would also help capture subpopulations that

may not be obvious using bulk measurements. The lack of Bar-seq studies in

56



Streptomyces, or even in industrial bacterial fermentations more broadly, is surprising

considering the demonstrated success of the technique in yeast.

For Bar-seq to be reliably used, the sequencing technology powering it must be accurate
enough to detect and quantify barcode reads correctly. Historically, Sanger sequencing
was the standard, but its low throughput, high cost, and tendency to introduce bias when
barcodes are present at high amplicon concentrations make it suboptimal for this

purpose (Polz and Cavanaugh, 1998; Smith et al., 2012).

Modern sequencing platforms like Illumina and Oxford Nanopore offers much better
options. Illumina provides high read accuracy (~99%) and is widely used for barcode
quantification (Stefan et al., 2022). Nanopore offers much longer reads, which can be
useful for linking barcodes to nearby genomic context or identifying structural variants,
but with lower raw accuracy, that has however increased with its new chemistry 10 kits
(~95%) (Stevens et al., 2023). Hybrid approaches that combine Illumina’s accuracy with
Nanopore’s read length can vyield consensus sequences with >99% identity
(McNaughton et al., 2019; Shokralla et al., 2014), although this may not be necessary for

short barcode reads alone.

Applying Bar-seq to Streptomyces fermentations could help answer questions around
strain stability, genome dynamics, and the emergence of fitter subpopulations under
industrial conditions. When combined with transcriptomic or phenotypic data, Bar-seq
could help build a more complete picture of how Streptomyces populations behave over
time and how this links to production variability. Given the importance of Streptomyces
in industrial biotechnology, and the challenges of working with a genetically unstable
organism like S. clavuligerus, integrating Bar-seq into fermentation studies seems

overdue.
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1.8 Hypothesis and aims

1.8.1 Rationale

The emergence of poor or non-producing mutants in industrial Streptomyces
fermentations reduces the efficiency and yields of commercial antibiotic production
processes. It is hypothesised that this is the result of mutations and genome plasticity
of Streptomyces species. The rate and nature of the mutations that occur are currently
unknown. This work will develop methods to monitor changes in the population
structure in the industrial strain Streptomyces clavuligerus during fermentations and
identify mutations that result in the emergence of lineages that alter the bacterial

population in the fermentation.

1.8.2 Specific aims of the project

Design and validate a barcode sequencing (Bar-seq) technique that can identify

and track the relative abundance of isogeneic strains of industrial S. clavuligerus

during a fermentation

e Use Bar-seq to investigate population frequency changes in S. clavuligerus
fermentations in shake flasks

e Use Bar-seq to investigate population frequency changes in S. clavuligerus
fermentations in bioreactors

e |dentify mutant phenotypes that arise during shake flask and fermenter level
reactions of S. clavuligerus

e |dentify mutations that emerge in S. clavuligerus fermentations and determine if

there is parallelism in the mutations that emerge
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Throughout this project, all chemicals used were of analytical grade and were
purchased from Fisher Scientific, Invitrogen, Qiagen or Sigma-Aldrich, 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 clavuligerus were 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. clavuligerus were 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 agar. Aliquots
(2 mL) of sterile 25% glycerol (v/v) was added to the plate after ~10 days of growth.
Spores were disrupted 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 at -20 °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 of E. coli were grown in at 37 °C in a shaking
incubator at 250 rpm. Stocks of E. coli were made from 10 mL of LB broth inoculated

with a single colony of the relevant strain and grown for ~18 hours with appropriate
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antibiotics. The resulting culture was then centrifuged at 20,000 x g for 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). All E. coli stocks were stored at -20 °C or -80 °C.

Spore stock colony counts

Serial dilutions of Streptomyces stocks were prepared with a titre ranging from 107" to
108 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 30 — 100 colonies was
selected, and the number of colonies were counted. The concentration of the original
stock was calculated from this dilution using the equation CFU/mL (original) = (N / V) x
D, where N = number of colonies on the plate, V = volume plated in mL (0.09 mL) and D

= dilution factor.
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Table 2.1. Media and recipes used throughout this study

Media

Recipe

pH

L3M9 (Collis et al., 2021)

0.3 g Dextrin

10 g a-Trehalose

0.5 g Di-potassium hydrogen orthophosphate
1 g NaCl

1gMgS04

0.5g CaCl

2 g Casamino acids

11 g MOPS powder

1 mL Trace salts*

30 g Roko agar

1LdH,0

*0.5 g FeSO,7H-0

0.5g7nS0,

0.5 g MnSO,

Made up to 50 mL with distilled H,0

6.8

Tryptone Soya Broth (TSB)

30 g Tryptone soya broth (casein soya bean digest
broth), premade mixture. Purchased from Oxoid
Ltd., Basingstoke

1LdH,0

6.8

Lysogeny Broth (LB) agar

(Sambrook et al., 1989)

10 g Tryptone

5 g Yeast extract

5 gNaCl

15 g Agar

Made up to 1000 mL with distilled H,0

N/A

Lysogeny Broth (LB)

(Sambrook et al., 1989)

10 g Tryptone

5 g Yeast extract

5 gNaCl

Made up to 1000 mL with distilled H»0

N/A

Complete Medium 5

(CM5).  Modified  from

Collis et al., 2021.

40 g Rapeseed oil

18 g 70% Soy protein concentrate flour
11.5 g Maltodextrin spray dried

3 g Potassium dihydrogen orthophosphate
10.5 g MOPS powder

1.6 gMgS04 . 7H.0

0.3 g Ammonium sulphate

10 mL UFU Shakeflask trace salts *

1L tap water

*26 g MgS04 . 7H,0

3 gFeS0O,.7H.0

0.5g2ZnCl,

05g CuCl,. 2H,0

0.5gMnS0O,. H,O

1 L deionized H,O

6.8
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Seed Medium (S2A).

Modified from Collis et al.,
Personal

2021, Huckle,

Communication.

1 g Rape seed oil

25 g 70% Soy protein concentrate flour
20 g Dextrin

1 g Potassium dihydrogen orthophosphate
2.5gMgS0, . 7H,0

20 mL STS trace salts*

1L tap water

*10 g CaCl,. 2H,0

10 g MgCl,. 6H,0

10 g NaCl

5g FeCls;. 6H,0

0.5g7ZnCl,

0.5 g CuCl,. H,O

0.4 g MnSO.. H,O

1L deionized H,O

6.8

Soft nutrient agar (Kieser et

al., 2000)

4 g Difco Nutrient Broth Powder
5gAgar
1LdH,0

6.8

GYM agar (Kieser et al,

2000)

4 g Yeast extract

10 g Malt extract

2 g CaCO;

12 g Agar

8 mL 50% glucose (added after autoclaving)
1LdH,0

6.8

Minimal medium agar

(Kieser et al., 2000)

0.5 g L-asparagine

0.5 g K;HPO,

0.2 g MgS0,. 7H,0

0.01 g FeSO,. 7H,0

20 mL 50% glucose (added after autoclaving)*

10 g Agar

1LdH,0

*Glucose can be replaced by alternative carbon
sources (e.g. 20 mL 50% sucrose (added after
autoclaving)

6.8

Maltose Yeast Extract
Medium (MYM) agar (Kieser

et al., 2000)

4 g Maltose

4 g Yeast extract
10 g Malt extract
10 g Agar

500 mL tap water
500 mL dH,0O

6.8

Tryptone Soya Broth (TSB)

agar

30 g Tryptone soya broth (casein soya bean digest
broth), premade mixture. Purchased from Oxoid
Ltd., Basingstoke.

15 g Agar

1LdH,0

6.8
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Modified Yeast Extract Malt
Extract agar (Hoskisson et

al., 2000)

3 g Yeast extract

3 g Malt extract

5 g Peptone

10 g Glucose

1LdH,0

15 g Agar

2 mL MgCl, 6H,0 (2.5M) (added after autoclaving)

6.8

2 x Yeast Tryptone (YT) agar

(Kieser et al., 2000)

16 g Tryptone

10 g Yeast extract
5 g NaCl
1LdH,0

15 g Agar

6.8

International
Streptomyces Project (ISP)
and

3 agar (Shirling

Gottlieb, 1966)

20 g White Oats

18 g Agar

1 mL Trace salts solution*
1LdH,0

*0.1 g FeSO, 7H,0

0.1 g MnCl, 4H,0

0.1 g ZnS0O, 7H,0

100 mL dH.O

6.8

International
Streptomyces Project (ISP)
and

4 agar (Shirling

Gottlieb, 1966)

10 g Soluble Starch
1 g MgSO4 7H,0

1 gNaCl

2 g (NH4)ZSO4

2 g CaCO;

1 mL Trace Salts solution*
1LdH,0

*0.1 g FeSO,4 7H,0
0.1 g MnCl; 4H,0
0.1g2ZnS0O, 7H.0
100 mL dH,O

20 g agar

6.8

International
Streptomyces Project (ISP)
and

7 agar (Shirling

Gottlieb, 1966).

15 g Glycerol

0.5 g Tyrosine

1 g L-asparagine
0.5g K:HPO,

0.5 g MgS0,. 7H,0
0.5gNaCl

0.01 g FeSO,. 7H.0O
1LdH,0

20 g Agar

6.8

Mannitol Soya Flour agar

(MS) (Hobbs et al., 1989)

20 g Mannitol

20 g Soya protein flour
20 g Agar

1LdH,0

6.8

Cornmeal agar

2 g Corn Meal Agar (Purchased from Oxoid Ltd.,
Basingstoke)

15 g Agar

1LdH20

6.0
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Starch agar (Feeney et al.,

2022)

10 g soluble starch
2 g K;HPO,

2 g KNO;

0.3 gcasein

0.05 g MgS0O, 7H,0
0.02 g CaCOs;

0.01 g FeSO, 7H.0
15 g agar

6.8

Milk agar (Feeney et al.,

2022)

50 g Dry milk powder

5 g Tryptone

2.5 g Yeast Extract

12.5 g Agar

5 g Glucose (added after autoclaving)
1LdH20

6.8

Reasoner's 2A (R2A) agar
(Reasoner and Geldreich,

1985)

0.5 g Proteose peptone

0.5 g Casamino acids

0.5 g Yeast extract

0.5 g Dextrose

0.5 g Soluble starch

0.3 g Dipotassium phosphate
0.05 g Magnesium sulphate
0.3 g Sodium pyruvate

15 g Agar

1LdH,0

6.8

Sabouraud agar

(Sabouraud, 1896)

40 g dextrose
10 g peptone
20 g agar
1LdH,0

5.6

Instant mash agar (Feeney

etal., 2022)

20g Instant mashed potato
20g Agar
1L Tap water

6.8
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Table 2.2. Antibiotics and their working concentrations used throughout the

project.
Antibiotic Class Working Storage
concentration Solvent
Apramycin Aminoglycoside 50 pg/ mL H,O
Chloramphenicol | N- 25 pg/ mL ~98%
dichloroacylphenylpropanoid Ethanol
Hygromycin B Substitute aminoglycoside 100 pg/ mL H,O
Kanamycin Aminoglycoside 50 pg/ mL H,O
Nalidixic acid Quinolone 25 pg/ mL H,O
Ampicillin Aminopenicillin 50 pg/ mL H,O
Thiostrepton Thiopeptide 50 pg/ mL DMSO
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Cell growth quantifier (CGQ) and dry weight growth curves for S. clavuligerus

Aliquots (50 mL) of TSB were inoculated with 1 x 108 Streptomyces clavuligerus spores.
For CGQ readings the aquilabiolabs (Baesweiler) Cell Growth Quantifier was used as per
the manufacturer’s guidelines with backscatter (AU) being used as the final
measurement. The dry weight of cells contained in 1 mL of a culture sample was
determined by washing the cells twice before resuspending the pelletin 1 mL 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 dried 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 mass. The biomass was determined gravimetrically

(g/L).

Cell wet weight

Wet weights were calculated by spinning 1 mL of cell culture at 20,000 x g for 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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2.2 Molecular biology methods

Strains and plasmids

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

source.
Strain Description Genotype Reference/
source
E. coliDH5a E. coli K12 | F-,980, lacZAM15, A(lacZYA- | (Grant et
derivative argF), al., 1990)
U169, recA1, endA1, hsdR17,
(rk-, mk+), phoA, supEdd, thi- | '"1TO8e"
1, gyrA96,
relA1
E. coli Methylation dam-13::Tn9, dcm-6, hsdM, | (Larcombe
ET12567/pUZ8002 | deficient  strain | 577 et al.,
recF143, zij201::Tn10, galk2,
allowing for direct galT22, 2024)
conjugation into S. | ara14, lacYl, xylS, leuB6, thi-
. 1,
clavuligerus
tonA31, rpsL136, hisG4,
tsx78, mtli,
glnVv44, F
S. clavuligerus Progenitor strain of | Wildtype DSMz
DSM 738 S. clavuligerus
industrial strains
S. clavuligerus | GSK production | GSK Production strain GSK
SC2 strain culture
collection
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S. clavuligerus | GSK production | GSK production strain GSK

SC6 strain culture
collection

Micrococcus Wild type M. luteus | Wildtype (Fleming

luteus ATCC4698 | strain and
Wright,
1997)
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Table 2.4. Plasmids used in this study with detailed antibiotic

sources.

selection and

Plasmid name Description Resistance marker Reference

pSET152 dC31 integrase | Apramycin (Bierman et al., 1992)
containing plasmid

pMS82 ®BT1 integrase | Hygromycin (Gregory et al., 2003)
containing plasmid

pUC19 Commonly used | Ampicillin (Yanisch-Perron et
cloning vector al., 1985)

pSET152 JCb1-20 20 x pSET152 with | Apramycin This study
unique 25bp
barcodes
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Primer list

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

Primer Sequence Tm (°C) | Description
JTM105 pMS82 | GCAACAGTGCCGTT | 64 For testing cloning inserts between Hindlll
Fwd GATCGTGCTATG and Kpnl restriction sites
JTM106 pMS82 | GCCAGTGGTATTTAT | 63
Rev GTCAACACCGCC
JTM115 GCTGCGCCGATGGT | 65 To amplify lacZa fragment of pSET152
pSET152 Fwd | TTCTACAAAGATCG
JTM116 GAGCGGATAACAAT | 65
pSET152 Rev TTCACACAGGAAAC
AGCTATGAC
IC pSET152 | TTTCTGTTGGTGCTG | 65 To amplify lacZa fragment of pSET152
barseq Fwd ATATTGCGTAAAACG with barcodes within the plasmid for the
ACGGCCAGTGCCA purposes of Bar-seq. With ONT ends for
AG multiplexing
JC  pSET152 | ACTTGCCTGTCGCT | 65
barseq Rev CTATCTTCCAGGAAA
CAGCTATGACATGAT
TACGAA
JCb10 check | GGGAATCGGGTAGG | 61 To detect the presence or absence of
fwd TCTTCCCTGTA JCb10 within a colony
JCb10 check | CGCGTAATCTGCTG
rev CTTGCAAAC
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PCR

Diagnostic and confirmatory PCRs were performed with REDTag DNA Polymerase
(Sigma) according to the manufacturer’s instructions. Thermal cycling conditions are
shown in Table 2.6 and do not alter unless otherwise stated. Unless otherwise stated

PCR primers were used at a concentration of 100 pM.

Gel electrophoresis

Gels containing 1 % agarose were used for agarose gel electrophoresis. Agarose was
dissolved in TAE buffer (40 mM Tris-acetate, 1 mM EDTA) using a microwave. The gel
mixture was then cooled before ethidium bromide was added to a final concentration of
100 pg/ mL and poured into a casting tray, sealed with rubber stoppers. DNA samples
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 project, agarose gels were run using Bio-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 trans-illuminator.

Plasmid DNA extraction

Plasmid DNA was extracted using the Wizard SV Minipreps Kit (Promega, 2010)
according to the manufacturer’s protocol (available at https://www.promega.co.uk/-
/media/files/resources/protocols/technical-bulletins/0/wizard-plus-sv-minipreps-

dna-purification-system-protocol.pdf?la=en).
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Table 2.6. Red-taqg thermal cycling conditions for PCRs run throughout this study.

“Primer annealing temperature was adjusted as required

Step Temperature (°C) Time

1. 95 1 minute

2. 95 15 seconds

3. 55-65* 15 seconds

4. 72 20 seconds / kb
5. Repeat

steps 2-4 29

times
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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

Step Temperature (°C) Time

1. 98 30 seconds

2. 98 10 seconds

3. 50-72* 30 seconds

4. 72 30 seconds / kb
5. Repeat

steps 2-4 29

times

6. 72 2 minutes
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Electrotransformation of Escherichia coli ET12567/pUZ8002

Aliquots (100 pL) of electrocompetent E. coli ET12567/pUZ8002 were mixed with
plasmid DNA (10 ng) in an ice-cold electroporation cuvette. The sample was
electroporated with BioRad GenePulser Il setto 200 Q, 25 yF and 2.5Kv with an expected
time constant of 0.4 — 0.6 seconds. 1 mL of ice-cold LB was added to the cuvette and
mixed via inversion. The entire sample was then transferred to an Eppendorf and allowed
torecover at 37 °C and shaking at 250 rpm for three hours. Following recovery, cells were
plated on LB agar containing the appropriate antibiotics and incubated overnight at 37

°C.

Transformation of E. coli DH5a using heat shock

Commercial E. coli DH5a (50 yL) were thawed on ice for 10 minutes. Aliquots (10 ng) of
plasmid DNA was gently mixed with the thawed cells. This mixture was incubated onice
for 30 minutes. The transformation mixture was then heat shocked at 42 °C for 1 minute,
before being placed onice 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 incubated overnight at 37

°C.

Conjugation of pMS82 and pSET152 into Streptomyces clavuligerus

Overnight cultures of E. coli ET12567/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 ODe 0.6. This sample was centrifuged at 20,000 x g and
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washed three times with LB broth with a final volume of 500 pL. Freshly collected S.
clavuligerus spore stocks (1 x 108 spores) were centrifuged at 20,000 x g and
resuspended in 500 pL of LB broth. The 500 pL aliquots of spores and E. coli cells were
mixed in an Eppendorf and centrifuged at 16,000 x g in 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 MgCl, solution. After 18 hours of growth at 26 °C, the
plates containing S. clavuligerus and E. coli ET12567/pUZ8002 were overlayed with 1 mL
of sterile antibiotic solution (containing 25 L of each appropriate antibiotic and 25 pL of
nalidixic acid, made up to 1 mL with sterile H,O). Primary exconjugants were selected
after seven days of growth and streaked on to fresh plates of L8M9 agar containing the

appropriate antibiotics.

2.3 Sequencing and bioinformatic methods

Genomic DNA extraction from S. clavuligerus

Genomic DNA was isolated via salt extraction. S. clavuligerus culture grown for ~48
hours in TSB at 26 °C (as above). The culture was centrifuged at 20,000 x g for 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 Tris-HCL pH 7.5). After, 150 yL of 20 mg/mL
lysozyme was added and incubated for at 250 rpm, 37 °C for ~90 minutes. Proteinase K
was added (84 pL of 20 mg/mL) alongside 360 pL of 10% SDS solution, mixed via
inversion and incubated at 55 °C for 2 hours, inverting occasionally. Then, 1.2 mL of 5M
NaClwas 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 incubate
at room temperature for 30 minutes. The sample was then centrifuged at 20,000 x g for

15 minutes. The upper phase of the sample was then transferred to a sterile falcon tube.
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An equal volume of ice-cold 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 centrifuged at
20,000 x g for 10 minutes, before the supernatant was removed and the residual ethanol

allowed to evaporate. The DNA was solubilised in 100 pL of sterile H,O for 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 (SQK-LSK114, Oxford Nanopore
Technologies) as per the manufacturer’s guidelines. The prepared library was then
sequenced on a Flongle flowcell (FLO-FLG114, Oxford Nanopore Technologies),
basecalled and demultiplexed if required using MinKNOW software (version 22.12.7,

Oxford Nanopore Technologies) as per the manufacturer’s instructions.

Barcode frequency calculations

To calculate the relative abundance of each barcode, the FASTQ files 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.git), to count the forward and reverse

complements of each barcode accounting for a Levenshtein distance of 1 (lines 52 and
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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 strain of S.

clavuligerus.

Log.fold change of barcoded strain relative abundance

The log, fold change of a barcode 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 clavuligerus SC2 and SC6 reference genomes used throughout this
thesis were assembled in-house by John Munnoch (University of Strathclyde) using
Illumina short-read sequencing for both strains and PacBio long-read sequencing for
SC2and SC6. Illuminareads were generated on the Illumina MiniSeq (SC2) and NovaSeq
6000 (SC6) following manufacturer protocols. PacBio long-read sequencing for SC6 was
performed as described in Gomez-Escribano et al., (2021). PacBio long-read sequencing
for SC2 was performed on a PacBio Sequel instrument (Nu-omics, University of

Northumbria, UK) using SMRTbell library preparation and 10-hour movie capture.

PacBio data were assembled using HGAP4 (Chin et al., 2013). Illumina reads were
assembled de novo using SPAdes (Bankevich et al.,, 2012) and used for

polishing/validation against the long-read 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 SAMN51091877 (NCBI), and the re-annotated assemblies
(generated using Prokka; Seemann, 2014) are available under BioProject

PRIJNA1127551.

Alignment of Illumina reads using Bowtie2

Illumina sequencing of the S. clavuligerus genome was performed by Novogene Europe
on an NovaSeq X Plus25B Flow cell, where 150bp paired end reads were created.
Bowtie2 (Version 2.5.2; Langmead and Salzberg, 2012) were used to map the reads
against the S. clavuligerus SC6 reference genome (BioProject PRINA1127551) with
output files being in binary alignments (BAM) format with a binary alignments index.

Mapped reads were visualised using JBrowse2 (Diesh et al., 2023).

Breseq analysis (Deatherage and Barrick, 2014)

Whole-genome sequencing (WGS) data generated by Novogene Europe from genomic
DNA (Illumina NovaSeq X Plus, 25B flow cell, 150 bp paired-end) were analysed using
breseq (version 0.39.0; Deatherage and Barrick, 2014). Reads were aligned to the
Streptomyces clavuligerus SC6 reference genome (BioProject PRINA1127551) and
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.
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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 clavuligerus cultures 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 transferred into a 2 mL screw-cap tube containing an equal volume of
RNAlater (Qiagen) and immediately mixed by inversion. Samples were stored at -80 °C

until extraction.

Cell pellets were obtained by centrifugation of thawed samples at 20,000 x g for 10
minutes at 4 °C. The pellet was resuspended in 100 yL TE buffer (50 mM Tris-HCL, 20 mM
EDTA, pH 8.0), followed by the addition of 100 pL lysozyme (100 mg/mL) and incubation
at 30 °C for 30 minutes. Cells were lysed by adding 50 pL of 10% SDS and 85 pyL of 5 M
NaCl, 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 x g for 10 minutes at 4 °C.

The aqueous phase was transferred to a new tube and applied to RNeasy spin columns
(Qiagen) according to the manufacturer’s instructions. An on-column DNase digestion
was performed by adding 10 uL RNase-free DNase (Qiagen) with 70 yL RDD buffer,
incubating for 60 minutes at room temperature. An additional off-column DNase

digestion was carried out for all samples (RNeasy MinElute Cleanup Kit, Qiagen)
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according to the manufacturer’s protocol. RNA was eluted in 50 pL RNase-free water at

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 absorbance ratios. High-quality 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) and sequenced on an Illumina NovaSeq X Plus
platform on the 25B flow cell, to produce 150 bp paired-end 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 Salmon (Patro et al., 2017) against an
annotated S. clavuligerus SC2 genome (BioProject PRINA1127551). This 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 gene level.
DESeq2 (Love et al., 2014) was then used to normalise count data and test for differential

expression between conditions as required.
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Principal component analysis (PCA) was performed on rlog-transformed counts to
assess replicate clustering. Differentially expressed genes (DEGs) were identified using
afalse discovery rate (padj) < 0.05 and log.fold change > 1. Volcano plots were generated

using the EnhancedVolcano package (Blighe, 2025) to visualise 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 22.04).

2.4 Biochemical assays

Clavulanic acid (CA) assay (Bird et al., 1982)

CA concentrations in culture supernatant were determined by 8 pL of supernatant that
had previously been cleared by centrifugation for 5 minutes at 16,000 x g in a microfuge
being added to 200 pyL of imidazole (prepared by dissolving 10 g imidazole (VWR
Chemicals) in 7.2 mL 10M HCl and made up to a final volume of 100 mL with distilled
water). CA standard solutions of the following concentrations were assayed along 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 following a 30-minute 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 20,000 x g for 10
minutes. 10 pL of supernatant was added to 200 pL of Bradford reagent (BioRad) that
had been diluted 1:4 with dH,O. Protein standards were made using 0 mg/mL, 0.2
mg/mL, 0.4 mg/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. luteus was 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. luteus to a final ODgoo 0f 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 end-point S. clavuligerus SC6 pSET152 JCbx fermentation strains
were placed onto the M. luteus containing plates in triplicate. Negative controls were an
L3M9 media plug and positive controls were co-amoxiclav paper discs (30 ug). 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 20,000 x g for 15 minutes (as above). The supernatant was removed, and
the remaining pellet was resuspended in 3 mL of ice-cold PBS. Then, 150 pL of 20 mg/mL
lysozyme was added and incubated for at 250 rpm, 37 °C for 90 minutes. The sample
was then centrifuged at 20,000 x g for 15 minutes with the supernatant being transferred
into a fresh 15 mL falcon tube. The Glucose 6 Phosphate Dehydrogenase Activity Assay
Kit — colorimetric (Abcam, ab102529) was then used to test the level and activity of
glucose 6 phosphate dehydrogenase within the supernatant according to the
manufacturer’s guidelines. Activity was normalised to total protein in solution measured

using a total protein concentration assay.

Phase contrast microscopy

Streptomyces clavuligerus was cultured in 250 mL Erlenmeyer flasks containing 50 mL
of TSB for 48 hours at 26 °C and 250 rpm. A 10 pL aliquot of culture was applied directly
onto a sterile glass slide for imaging. Samples were visualised using a TE-2000 inverted
widefield epi-fluorescence microscope (Nikon, Japan) equipped with a x%20/0.50
numerical aperture objective lens. Phase contrast images were acquired with a
Hamamatsu ORCA-100 CCD camera under tungsten-halide illumination. Images were

collected using NIS Elements software and processed in FlJI (Schindelin et al., 2012).

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

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

Colony size was quantified from plate images using Imagel (Schindelin et al., 2012).
Images were first calibrated by setting the scale with a 1 cm graticule, repeated for each
plate. Colonies were detected using the Analyse 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 Rstudio (version 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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Chapter 3 Establishing and validating Bar-seq in S. clavuligerus
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3.1 Introduction

Understanding and controlling strain-level heterogeneity during Streptomyces
fermentations is essential for the optimisation of industrial antimicrobial production.
Even small changes in population composition can significantly impact yields and
reproducibility (Harms et al., 2017; Hoskisson and Hobbs, 2005). Within a mixed
population individual strains may vary in their metabolic output or competitive fitness,
yet current methodologies to study population dynamics in fillamentous bacteria remain
inadequate. Approaches such as colony morphology screening or endpoint plate counts
offer little temporal resolution and cannot robustly link genotypic identity to phenotypic
outcome. More advanced methods, including genome sequencing of isolates, are
labour-intensive and not suited for routine monitoring of large populations over time. A
new, reliable method to monitor population dynamics while preserving strain identity is
therefore needed.

Barcode sequencing (Bar-seq) is a high-throughput method that quantifies the relative
abundance of uniquely tagged strains in a population by amplifying and sequencing
strain-specific DNA barcodes. It has been successfully applied in yeast to investigate
fitness of mutants and competitive interactions (Larcombe et al., 2023). However, its
utility in bacteria, and particularly in Streptomyces, has not been established. For Bar-
seq to be adopted in this context, its accuracy, reproducibility, and suitability for tracking
populations in fermentation-like conditions must be validated. An additional challenge
is ensuring that the integrated barcodes themselves do not perturb strain fitness or
introduce artefactual biases in abundance estimates.

To address these knowledge gaps, the aim of this chapter is to explore the design,
construction, and validation of a Bar-seq platform in Streptomyces clavuligerus based

on the barcodes previously used in Candida albicans (Larcombe et al., 2023).
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Following construction of the barcode plasmids, the barcode sequences will be
evaluated in silico and in vitro to confirm their distinguishability and stability. This will lay
the foundation for applying Bar-seq to industrially relevant fermentation experiments,
where linking genotype to phenotype is essential for understanding population stability
and optimising production.

All experimental work in this chapter, including strain handling, barcode amplification,
sequencing, downstream analysis, and figure preparation, was performed by James
Croxford. Barcode sequences were provided by Daniel Larcombe, and barcode
constructs were synthesised and assembled by GenScript (Oxford, United Kingdom) as

described.

3.2 Proposed barcode sequencing (Bar-seq) methodology

Bar-seq has not previously been used to study bacterial population dynamics. To
establish its use in S. clavuligerus, a Bar-seq method was proposed (Figure 3.1). The
barcode sequences used here were provided by Daniel Larcombe and have previously
been validated in Candida albicans (Larcombe et al., 2023).

In this approach, a set of otherwise isogenic S. clavuligerus strains will be constructed,
each carrying a unique barcode integrated into the chromosome via standard integrative
vectors such as pMS82 or pSET152. S. clavuligerus SC6 was chosen because it is the
industrial strain of interest. Each barcode will be stably inserted so that it is maintained
over multiple generations.

To track relative strain abundance over time, barcoded strains will be grown individually
and mixed in equal proportions to generate a pooled inoculum. This mixture will be used
to start a fermentation under defined conditions. Genomic DNA will be extracted at

multiple timepoints (e.g. start and end of fermentation), and the barcode containing
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region will be PCR amplified from the populations genomic DNA. This pool of amplicons
will then be sequenced.

The number of reads corresponding to each barcode will be counted and used to infer
the relative abundance of each strain at each timepoint. As each strain is isogenic apart
from the barcode, the barcode read count acts as a direct proxy for strain abundance.
This allows us to assess how the relative abundance of each strain changes over time
and to investigate stability and dynamics in mixed strain populations.

This method can also be used to link phenotype to genotype. For example, if an individual
colony isolated from a fermentation plate shows a distinct phenotype, such as altered
morphology or sporulation, a single colony can be picked, its DNA extracted, and the
barcode amplified using the same PCR reaction used for the pooled samples.
Sequencing the barcode then reveals which strain this colony corresponds to. This
enables retrospective tracking of where that barcode (and therefore the phenotype) was

present and at what abundance throughout the fermentation.
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Figure 3.1. Proposed barcode sequencing methodology. Twenty isogenic strains of S. clavuligerus SC6, each carrying a unique
chromosomally integrated barcode, will be grown separately and then mixed in equal proportions. This mixture will inoculate a fermentation.
Genomic DNA will be extracted at selected timepoints, the barcode region amplified, and amplicons sequenced. The relative abundance of
each barcode will reflect the abundance of the corresponding strain in the population over time.
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3.3 Selection of integrative plasmids used within this study

After confirming the sequences of the barcodes used to tag S. clavuligerus SC6, a
method was needed to integrate the barcode sequences into its chromosome. The
integrative plasmids pMS82 and pSET152 are widely used to insert genetic material into
Streptomyces. While much validation has previously been done on the two vectors, no
work has been published analysing potential effects of the integrative vectors
specifically on S. clavuligerus SC2 and SC6. The effects of both empty vectors of S.
clavuligerus SC2 and SC6 was investigated to ensure they would not affect growth of the
strain within a fermentation. Both vectors were introduced into S. clavuligerus SC2 and
SC6 via conjugation to assess if either had unwanted off target/growth effects in the S.
clavuligerus SC2 or SC6 strains. PCRs were carried out to validate the successful
conjugation and integration of the plasmids into the genome. Primers JTM105 pMS82
Fwd, JTM106 pMS82 Rev, JTM115 pSET152 Fwd and JTM116 pSET152 Rev were used for
pMS82 and pSET152 respectively. Bands at 230 bp and 410 bp respectively for pMS82
and pSET152 were obtained from PCR of the relevant genomic DNA confirming

successful conjugation into both S. clavuligerus SC2 and SC6 (Figures 3.2 and 3.3).
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Figure 3.2. Successful amplification of pMS82 and pSET152 DNA from S.
clavuligerus SC2 genomic DNA. Agarose gel of amplified pMS82 and pSET152 from S.
clavuligerus SC2 using primers JTM105 pMS82 forward and reverse and JTM115 pSET152
forward and reverse, red boxes indicate the relevant plasmids are present at
approximately 230bp and 410bp respectively. Positive control is pMS82 and pSET152
DNA, negative control is nuclease free water.
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Figure 3.3. Successful amplification of pMS82 and pSET152 DNA from S.
clavuligerus SC6 genomic DNA. Agarose gel of amplified pMS82 and pSET152 from S.
clavuligerus SC6 using primers JTM105 pMS82 forward and reverse and JTM115 pSET152
forward and reverse, red boxes indicate the relevant plasmids are present at

approximately 230bp and 410bp respectively. Positive control is pMS82 and pSET152
DNA, negative control is nuclease free water.
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After demonstrating the successful conjugation of pMS82 and pSET152in S. clavuligerus
SC2 and SC6, the effect of both vectors on the growth of S. clavuligerus SC6 was
assessed as this was the most relevant industrial strain within fermentation. To achieve
this, S. clavuligerus SC6 and S. clavuligerus SC6 pMS82 and pSET152 were grown in 50
mL TSB for 48 hours, with backscatter of the culture being measured by the aquilabiolabs
Cell Growth Quantifier (Figure 3.4). Based on these growth curves, the specific growth
rate for each strain was calculated by using backscatter values from the start and end of
the exponential growth phase for each strain (Table 3.1). The following equation was
used to calculate the specific growth rate p = ((log1o N - logio No) 2.303) / (t - to) where p is
the specific growth rate, N is the backscatter value and t is the time corresponding to
that value.

It was observed that pSET152 has a negligible impact on the specific growth rate (a
1.22% increase compared to ‘wild type’), however, pMS82 reduces the specific growth
rate by 1.502 x 10 p (17.6%). Based on these specific growth rates it was determined
that both vectors could be appropriate for use of integration of barcode sequences into

the chromosome, however pSET152 would be preferable.
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Figure 3.4. Analysis of the effects of pMS82 and pSET152 on the growth of S.
clavuligerus SC6. S. clavuligerus SC6, S. clavuligerus SC6 pMS82 and S. clavuligerus
SC6 pSET152 were grown for 48 hours in 50 mL TSB. Backscatter was quantified using

the cell growth quantifier.
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Table 3.1. The plasmids pMS82 and pSET152 do not significantly adversely affect the
specific growth rate of S. clavuligerus SC6. The specific growth rates for all three
strains were calculated from the data in Figure 3.4. While pSET152 has a negligible

impact on the specific growth rate, pMS82 reduces the specific growth rate by 1.502 x
10°.

K % change compared

Strain Specific growth rate (hour ) to ‘wild type’
S. clavuligerus SC6 8.539 x 10-3 Wild type
S. clavuligerus SC6 pMS82 2.037%10 -17.6%
S. clavuligerus SC6 -3 0
PSET152 8.643x 10 +1.22%
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To further test if empty vector pMS82 or pSET152 affect S. clavuligerus SC2 or SC6 within
fermentation, CA assays were carried out on S. clavuligerus SC2 and SC6 with pSET152
and pMS82, to assess if either vector affected secondary metabolite production. Al
strains were grown for 48 hours in 50 mL TSB and triplicate samples of supernatant were
taken and CAvyields were determined. Results were normalised to cell dry weight (Figure
3.5). The average CA titre produced by S. clavuligerus SC2 and SC6 was 41.3 and 14.8 ug
/ mg cell dry weight respectively. These values differ from those previously reported
(Birke, 2020) in which, after 24 hours growth in TSB clavulanic acid yield in S. clavuligerus
SC2 and SC6 were 45 and 112 pg / mg cell dry weight respectively. In this study CAvyield
then dropped to 3 and 6 ug / mg cell dry weight respectively after 65 hours.

In this study, the lower yield observed for S. clavuligerus SC6 compared to SC2 is
expected, as SC6 has been adapted for enhanced CA production in industrial media. In
contrast, SC2 performs better in TSB, likely due to its closer genetic similarity to the
parental strain DSM738, which also grows more effectively in TSB than in CM5.
Furthermore, CA production is more consistent among the three SC6 strains than among
the SC2 strains.

An ANOVA test was carried out on clavulanic acid yields finding that there was no
difference between the CA production of S. clavuligerus SC6 and its respective ex-
conjugants. The p value was 0.616 and 0.980 when comparing the means of S.
clavuligerus SC6to S. clavuligerus SC6 pMS82 and pSET152 respectively. However, there
was a significant difference between the CA production of S. clavuligerus SC2 and S.
clavuligerus SC2 pMS82 and pSET152. The p value was 1.35x 10° and 1.24 x 10 when
comparing the means of S. clavuligerus SC2 to S. clavuligerus SC2 pMS82 and pSET152
respectively. This correlates to a 1.91 and 1.27 fold decrease in production for S.

clavuligerus SC2 pMS82 and pSET152 respectively compared to ‘wild type’.
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As a result, the variability of CA yields within S. clavuligerus SC2 pMS82 and pSET152
meant pSET152 was chosen to integrate the barcode sequences into S. clavuligerus due
to the fact that pSET152 had a smaller negative effect on the CA yield of SC2 and a
smaller negative effect on SGR.

Additionally, while integration sites for both pMS82 and pSET152 are well documented,
pSET152 carries apramycin resistance, whereas pMS82 carries hygromycin resistance.
Hygromycin is salt sensitive (Yoshikawa et al., 1995) which may pose problem working
with LBM9 agar which contains salt. This further gave reasoning to pSET152 being taken

forward for use within this study.
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Figure 3.5. Analysis of the effect of pMS82 and pSET152 on the titre of clavulanic
acid produced by S. clavuligerus SC2 and S. clavuligerus SC6. S. clavuligerus SC6, S.
clavuligerus SC6 pMS82 and S. clavuligerus SC6 pSET152 were grown in TSB for 48 hours
and an imidazole assay was performed on the supernatant to determine the
concentration of clavulanic acid. Data was normalised to the cell dry weight. The p value
for an ANOVA test between clavulanic acid concentrations from SC2 and SC6 are 1.75 x
10°and 0.610 respectively.
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3.4 Further validation of S. clavuligerus SC6 pSET152

After selection of pSET152 to integrate barcode sequences into the chromosome of S.
clavuligerus, further validation was carried out on ex-conjugants of S. clavuligerus SC6
pSET152, as the dominant strain the be used in this study, to assess the vectors effects
on colony morphology. Observing how the vector affects colony morphology and cell life
cycles was vital, as these factors are closely linked to Streptomyces antibiotic

production.

Colonies of S. clavuligerus SC6 pSET152 were grown directly from a spore stock to obtain
single colonies on L3M9 agar. Differences in morphology within a single strain were
observed (Figure 3.6). Multiple morphologies were seen over two plates ranging from
white colonies (Figure 3.6 A), non-sporulating colonies, ‘sick’ looking colonies that
produce no arial hyphae and appearin a halo shape (Figure 3.6 C) and sporulating, green
colonies as per a ‘wild type’ morphology (Figure 3.6 B). Despite differences being
observed between colonies of a single stock it was determined these levels of variation
are normal within S. clavuligerus (Rios-Fernandez et al., 2024). Additionally, these
results allow us to observe sporulation and hyphal growth with S. clavuligerus SC6
pSET152 and as such confirm life cycle progression, confirming the suitability of the

vector for use within this study.
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Figure 3.6. Colony morphology of S. clavuligerus SC6 pSET152. Two plates of S.
clavuligerus SC6 pSET152 were grown directly from a single 20% glycerol spore stock.
Multiple morphologies can be seen over the two plates including white colonies
producing arial hyphae (colony A), green colonies producing arial hyphae (colony B) and
‘sick’ looking colonies that produce some green pigment but do not appear to have arial
hyphae, with smaller satellite colonies around them (colony C).
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As the stable integration of pSET152 into the attB site is essential for the reliable
detection of barcoded strains the permanence of integration of the plasmid into the
chromosome was investigated. If the plasmid excised itself from the chromosome, it
would also remove the barcode from the chromosome, stopping us from accurately
tracking a barcoded stains relative abundance.

To test the stability of integration of pSET152, genomic DNA of S. clavuligerus SC6
pSET152 was recovered from a single ex-conjugant via genomic DNA extraction. This
recovered DNA was then transformed directly into DH5a via heat shock. If pSET152 DNA
existed outside of the chromosome it would be able to transform DH5a. These
transformants were plated and grown on LB agar plates containing apramycin. Similarly,
E. coli DH5a was transformed with pSET152 DNA and plated on apramycin LB plates as
well as E. coli DH5a. The plates with E. coli DH5a and E. coli DH5a transformed with the
‘recovered’ pSET152 DNA did not produce any colonies indicating that free pSET152 was
notrecovered from S. clavuligerus SC6 pSET152. As such it was concluded pSET152 was
stably integrated into the chromosome and unlikely to be in its circular form outside of

the chromosome (Figure 3.7).
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DH5a + DH5a DH5a + ‘recovered’ pSET152
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Figure 3.7. Growth of E. coli DH5a with ‘recovered’ pSET152 DNA from S. clavuligerus. E. coli DH5a is apramycin sensitive and exhibits
resistance when transformed with pSET152. DNA extracted from S. clavuligerus SC6 pSET152 ex-conjugants does not yield E. coli DH5a
transformants.
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3.5 Selection of barcodes to use within this study
Competing strains have previously been tracked using barcode sequencing within
Candida albicans (Larcombe et al., 2023). However, within the work by Larcombe et al.
several barcodes were seen to be artificially overrepresented within the data (Larcombe,
personal communication). As a result, barcoded strains were validated to ensure their
reliability within this work. Firstly, 20 barcode sequences from the study by Larcombe et
al. were taken for use in the current study (Table 3.2). Barcodes were randomly assigned
the names JCb1-20 (James Croxford barcode 1-20). Barcode sequences contain a
unique 25 bp middle region, flanked by identical 17 and 18 bp sequence before and after

the barcode respectively.
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Table 3.2. Unique barcodes used within the study. Barcodes were named JCb1-20. The
unique region of each barcode is in bold. The identical flanking regions can be seen
adjacent to each barcode.

Barcode Sequence
JCb1 CGGTGTCGGTCTCGTAGTACAATAAAGGGCAGGTGCAACCATAGAGACCTCGTGGACATC
JCb2 CGGTGTCGGTCTCGTAGTGACCAAGCCTGAATAGCGTCATAAAGAGACCTCGTGGACATC
JCb3 CGGTGTCGGTCTCGTAGCGTGTATTAGAGTAATCGCATCTAGAGAGACCTCGTGGACATC
JCb4 CGGTGTCGGTCTCGTAGTAGCGTTAGCGGCCACGGAACATCAAGAGACCTCGTGGACATC
JCb5 CGGTGTCGGTCTCGTAGTCCTCTCGGGAGGCCAATAGAAACGAGAGACCTCGTGGACATC
JCb6 CGGTGTCGGTCTCGTAGTACGCTTGACCCGTGTAGCTGTCAGAGAGACCTCGTGGACATC
JCb7 CGGTGTCGGTCTCGTAGTGGTTAACACGGAACCTGAGATCCCAGAGACCTCGTGGACATC
Jchs CGGTGTCGGTCTCGTAGTAGCACACCTAGCGTGAACCGAGCCAGAGACCTCGTGGACATC
JCb9 CGGTGTCGGTCTCGTAGTTACCCATTAAGAGCTCAGCGCAACAGAGACCTCGTGGACATC
JCb10 CGGTGTCGGTCTCGTAGTACAGGGAAGACCTACCCGATTCCCAGAGACCTCGTGGACATC
JCb11 CGGTGTCGGTCTCGTAGTAAGTCAAGTGTCCGGTTCTCCCCGAGAGACCTCGTGGACATC
JCb12 CGGTGTCGGTCTCGTAGTCCGTGTTGTACGACGTTAGACAACAGAGACCTCGTGGACATC
JCb13 CGGTGTCGGTCTCGTAGTAGTCTACCTCGCATGGCTAAGCGGAGAGACCTCGTGGACATC
JCb14 CGGTGTCGGTCTCGTAGTATCCAGTCGGCGATAAGTATGCAAAGAGACCTCGTGGACATC
JCb15 CGGTGTCGGTCTCGTAGTCACAGGGACAGGTCATATCGTTCTAGAGACCTCGTGGACATC
JCb16 CGGTGTCGGTCTCGTAGTGACCCCGTAGTGCCGTTAAGTATCAGAGACCTCGTGGACATC
JCb17 CGGTGTCGGTCTCGTAGTCAATAAGCGAGCCGTAAGTTGATCAGAGACCTCGTGGACATC
JCb18 CGGTGTCGGTCTCGTAGTCARAGATGCCCCGACTAGGTAATAAGAGACCTCGTGGACATC
JCb19 CGGTGTCGGTCTCGTAGTCTGCACATCCAGGCGACCGAATATAGAGACCTCGTGGACATC
JCb20 CGGTGTCGGTCTCGTAGTCGACGATCATCGGTGAAGCGTTTGAGAGACCTCGTGGACATC
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Analysis of the barcode sequences was carried out to ensure that correct barcode
identification could be achieved from sequencing data. To assess if the 20 barcodes
were sufficiently different from each other for accurate barcode detection, Clustal
Omega (Sievers and Higgins, 2014) was used to align the whole barcode sequence to
assess their similarity, with the alighments were visualised using Jalview (Figure 3.8). The
position with the highest sequence similarity was base position 29 where 55% of all
barcodes contained a guanine. For all remaining positions, less than half of all barcodes

shared a base.

To further check for sequence similarity between barcodes the unique 25 bp section of
each barcode was aligned against each other using the pairwise2 module form
Biopython. Both forward and reverse complement orientations of each sequence were
tested, as both strands may be present during sequencing. A local alignment was
performed for each pair using a match score of +2, mismatch penalty of -1, gap open
penalty of -2, and gap extension penalty of —0.5. A similarity threshold was defined as a

minimum alignment length of 25 bp and =270% identity.

Out of 190 pairwise comparisons, only one met these criteria: JCb4 and JCb16 showed
a 27 bp alignment with 66.7% identity on opposite strands (Table 3.3). Although the
match length slightly exceeds the unique 25 bp barcode region, the proportion of
identical bases remains below the 70% identity threshold. Based on this result, all 20
barcodes were considered sufficiently distinct for confident identification in sequencing

data, and all were retained for downstream use.
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JCb3
JCh10
JChS
JCh16
JCb12
JCb1
JCh1T
JChi7
JChi18
JCbZ20
JCb8
JCh8
JCh13
JCh19
JCh4
JCb7
JCh15
JCb6
JChZ
JCh14

Consensus

CGETGTCGGTCTCGTAGTAACCAA++CAG+ACG+++A++CACAGAGACCTCGTGGACATC

Figure 3.8. Alignment of 20 barcodes used in this study including flanking regions
shows low consensus between sequences. The 20 barcodes used within this study
were aligned using ClustalOmega and visualised on JalView. Red shows high consensus
and green shows low consensus. The identical flanking regions can be seen in red.
Barcodes are in order of best alignment.
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Table 3.3. Two barcodes show significant levels of identity. The unique region of all 20
barcodes were aligned against each other using pairwise2. One combination of
barcodes was found to be similar.

Similar Identity Match length Identity Match % of
barcodes (bp) (bp) (%) barcode
4and 16 18 27 66.7 108
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3.6 Synthesis and conjugation of barcoded strains

After validation of pSET152 for use with S. clavuligerus SC6, the fully cloned vectors
containing the 20 barcode sequences were synthesised by GenScript (Oxford, United
Kingdom) which were inserted into the lacZ gene (Figure 3.9). E. coli ET12567/pUZ8002
was transformed with each of these plasmids which was then conjugated into S.
clavuligerus SC6. An isogenic stock of S. clavuligerus SC6 was used to conjugate into to
ensure the barcoded strains of S. clavuligerus SC6 were identical except for their
barcodes.

Genomic DNA was extracted from each barcoded strain after growth in 50 mL TSB for 48
hours. The primers JC pSET152 barseq Fwd and JC pSET152 barseq Rev were used to
amplify the barcoded region from each strains genomic DNA (Figure 3.10). After
amplification, PCR products were preprepared for sequencing using the kit SQK-LSK114
sequenced on the Flongle flowcell (FLG114) using a MinlON mk1B. The resulting POD5
files were base called, demultiplexed and the code available at
https://github.com/jamescroxford/Bar-seq was used to detect barcodes within the
FASTQ files for each strain. It was determined that the genomic DNA of each barcoded

strain contained 100% of the expected barcode demonstrating the ‘purity’ of each stock.
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Figure 3.9. Plasmid map of pSET152 carrying the unique barcodes. The unique
barcodes are cloned into the lacZ gene within the vector (cyan).
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Figure 3.10. Amplification of barcodes from genomic DNA of S. clavuligerus SC6
PSET152 JCb1-20. Genomic DNA was extracted from 20 barcoded strains of S.
clavuligerus SC6 pSET152 JCb1-20 and barcode regions were amplified using primers JC
pSET152 Barseq Fwd and JC pSET152 Barseq Rev. (A) PCR products from strains JCb1-
10 are shown. (B) PCR products from strains JCb11-20 are shown. All reactions yielded
a band of the expected size, consistent with successful amplification of barcodes from
genomic DNA. Q5 polymerase was used with an annealing temperature of 52 °C for the
PCR reaction (Table 2.7).
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Although pSET152 has previously been shown not to affect the growth of S. clavuligerus
SC6 (Table 3.1), further validation was done to ensure that none of the unique barcodes
within the synthesised vectors affected the specific growth rates of S. clavuligerus SC6.
To test this, each of the 20 strains of S. clavuligerus SC6 pSET152 JCb1-20 was grown
within 50 mL TSB for 48 hours with growth monitored on the cell growth quantifier.
Exponential growth was determined from this data and specific growth rate was
calculated (Figure 3.11). The average specific growth rate was 7.78 x 103, consistent with
previous result of 8.643 x 10 as the specific growth rate of S. clavuligerus SC6 pSET152.
A Grubbs test was performed on the specific growth rate to detect if one barcoded
sequence affected the growth rate of S. clavuligerus SC6 more than any other. This
returned a p value of 0.423 indicating there are no outliers within the data. The statistical
inference of this experiment should however be treated cautiously as this experiment
was performed once (single biological replicate) and is presented as a

validation/feasibility check.
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Figure 3.11. Unique barcodes do not significantly affect the specific growth rate.
Each of the 20 barcoded strains of S. clavuligerus SC6 pSET152 JCb1-20 was grown in
50 mL TSB for 48 hours, and growth was monitored using the cell growth quantifier.
Specific growth rates were calculated from the exponential growth phase. The average
specific growth rate across all strainswas 7.78 x 1 02%h™’ (black horizontalline). A Grubbs
test (p = 0.4226) detected no statistical outliers, indicating that no individual barcode
significantly altered strain growth. Only a single replicate was performed for each
sample and therefore inference should be treated cautiously.
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3.7 Validation of barcode identification once sequenced

After the 20 barcoded strains were confirmed as being appropriate for use within this
study, validation of identification of the unique barcode after sequencing was carried
out. Firstly, the ability of the code to correctly identify barcode sequences was tested.
All strains of S. clavuligerus SC6 pSET152 JCb1-20 were grown from stocks, and the
genomic DNA was extracted. The barcoded region of each strain was amplified from the
genomic DNA using primers JC pSET152 barseq Fwd and JC pSET152 barseq Rev. After
amplification PCR products were sequenced on the Flongle flowcell (FLG114) using a
MinlON mk1B. The resulting PODS5 files were base called, demultiplexed and code
available at https://github.com/jamescroxford/Bar-seq was used to detect barcodes
within the FASTQ files for each strain.

It is important to consider the possibly that the barcode sequence itself may mutate or
be incorrectly base-called, therefore losing the ability of the barcode to be identified
within the reads. Natural mutation rates have been observed to be 2.84 x 108 per
nucleotide per cycle (Dagva et al.,, 2024). Additionally, while Oxford Nanopore
Technologies claim a read accuracy up to 99.99% for chemistry 10, this value is more
likely to be closer to 98% when using amplicon sequencing due to read instability at the
start and end of amplicons (Luo et al., 2022).

Levenshtein distances (a string metric for measuring the difference between two
sequences) are used within the code to allow for detection of barcode sequences with
potential mutations occurring within the barcode (Berger et al., 2021). However, it is
crucial an increased Levenshtein distance does not lead to a drop in specificity of
barcode identification. As a result, lines 52 and 59 of the code were used to sequentially
increase the Levenshtein distance from 0 to 6 using the max_L_dist function for the

forward and reverse complements of the barcode sequences respectively. This process
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was carried out for all strains. Levenshtein distance was used to detect barcodes from
the previously sequenced single stock of each strain. The results of S. clavuligerus SC6
pSET152 JCb2 was used as an example (Figure 3.12). At a Levenshtein distance of zero
to four, 100% of identified barcodes were assigned to JCb2, as expected. This
demonstrates a robust ability of the code to correctly identify barcode sequences. At a
Levenshtein distance of five 99.67% of identified barcodes were correctly assigned to
JCb2 but this drops to 71.09% at a Levenshtein distance of six. A Levenshtein distance
of one is considered enough to account for mutations within barcodes in future
experiments. These results demonstrate that barcodes assignment will be 100%
specific under these conditions. Results were similar for all other barcodes.

Barcode abundances were also assessed in a short fermentation time course,
confirming that using a Levenshtein distance of 0 or 1 yielded identical results. As these
data are part of the core fermentation findings, they are shown later (Figure 3.16) and are

not repeated here.
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Figure 3.12. Accuracy of identification of correct barcode as a function of
Levenshtein distance for JCb2. At distances up to 4, the identification accuracy
remains 100%, indicating high robustness in correct barcode assignment. At a distance
of 5 the identification accuracy drops to 99.6%. However, a notable decline in accuracy
is observed at distance 6, suggesting a threshold for reliable barcode identification must
be below this value. An example subset of reads from one barcoded strain was used with
the fuzzysearch python package for calculating identification at different distances.
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Once correct identification of barcodes by the code had been validated, the effect of
read depth on the consistency of barcode relative abundance estimates was
investigated. Sequencing data from several fermentations containing all 20 barcoded
strains, presented later in this chapter and in Chapter 4 (Figures 3.16, 4.1, and 4.2), were
used for this analysis. Various read depths were tested by subsetting FASTQ files using
the seqtk sample function (Figure 3.13). Only timepoints with over 35,000 reads were
included for subsetting. It was found that higher read depths led to more accurate
barcode abundance predictions, with estimates converging more closely to the original
values. For example, at a read depth of 100 per timepoint, barcode abundance
prediction ranged from 0 to 198% of the original relative abundance predictions. At a
read depth of 2,500 the barcode prediction accuracy compared to the original
abundance prediction ranged from 79 to 123%, at a depth of 7,500 the range was 93 to
112%. However as read depth increased from 7,500, only marginal gains were seen in
the closeness of the barcode abundance prediction to it’s original of 100%. At 10,000
reads per timepoint the average deviation from 100% abundance prediction was 6.5%
whereas at 20,000 reads that value was 4.5%. However, at 22,500 reads the value
increased to 5.2% showing accuracy of abundance prediction increases up to but not
beyond 20,000 reads per timepoint, using 20 barcodes. This data suggests that beyond
10,000 reads per timepoint gains in relative abundance prediction accuracy are
negligible. As a result, it was determined that a minimum of 10,000 reads were needed
per timepoint going forward, any sequencing runs yielding fewer reads than this would

either be repeated of discarded.
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Figure 3.13. Variation in correct barcode assighment at various read depths. Reads
from different fermentation time points were subsetted to estimate the relative
abundance of each barcoded strain. The values presented represent each barcode's
estimated abundance as a percentage of its original relative abundance in the complete
dataset. All time points used originally had over 35,000 reads. The blue line indicates the
original abundance estimate using all reads for each time point. Accuracy improves up
to approximately 10,000 reads, beyond which no further increase in accuracy is
observed.
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Having confirmed that sequencing conditions for correct barcode identification and read
depth could be met, validation of whether barcodes could be detected at an expected
relative abundance was carried out. All 20 strains of S. clavuligerus SC6 pSET152 JCbh1-
20 were grown, genomic DNA was extracted and barcoded regions were amplified. A
qubit fluorometer was used to quantify the DNA concentration of each barcode after
amplification. Equal DNA concentrations of all barcodes were mixed totalling 1ug DNA
(50 ng of each barcode). This pool of barcodes was then sequenced, basecalled and the
relative abundance of each barcode calculated. If mixed together and sequenced in
equal proportions, we would expect the relative abundance of each barcode to be
exactly 5%. The average relative abundance of all 20 barcodes is 5.00% (Figure 3.14). The
smallest percentage abundance was 3.03% (JCb11) and the greatest relative abundance
was 7.62% (JCb6). A Wilcoxon ranked test performed of this data has a P value of 0.867,
demostrating little variation from this mean of 5.00. The statistaical inference of this
experiment should however be treated cautiously as this experiment was performed

once (single biological replicate) and is presented as a validation/feasibility check.
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Figure 3.14. Relative abundance of barcoded amplicons in a mixed DNA sample.
Stocks of Streptomyces clavuligerus SC6 pSET152 JCb1-20 were cultured, and barcoded
amplicons were generated using the primers JC pSET152 barseq Fwd and Rev. The
amplicons were mixed in equal concentrations, sequenced, and barcode abundance
calculated. Therelative abundance of each barcode is shown, with the target abundance
set at 5% (indicated by the horizontal black line). While the mean relative abundance
across all barcodes was 5.00%, variations are observed. A Wilcoxon ranked test
performed of this data has a p value of 0.867, demostrating little variation from the mean
of 5. Only a single replicate was performed for each sample and therefore inference
should be treated cautiously.
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Once it had been determined that amplicons of barcode DNA could be mixed and
sequenced in equal proportion, we sought to ensure that we could also mix strains of S.
clavuligerus SC6 pSET152 JCb1-20 in equal proportions which would then be reflected
by sequencing. To achieve this, stocks of barcoded strains were grown individually for 48
hours in 50 mL TSB. After 40 hours the ODeggo Of each stock was recorded, and strains
were mixed in equal proportion based on these ODgo measurements making a total
pooled mixture of 9.23 mL. This pooled mixture was taken, and the genomic DNA was
extracted. Primers JC pSET152 barseq Fwd and JC pSET152 barseq Rev were used to
amplify out the barcoded region from the population. The resulting amplicons were
sequenced, and the relative abundance of each barcode strain was calculated (Figure
3.14).

The average relative abundance of all barcodes was 5.00%. A Wilcoxon ranked test
performed of this data to test if any barcode deviated from the expected relative
abundance of 5%. This returned a P value of 0.674, demonstrating little variation. The
statistical inference of this experiment should however be treated cautiously as this
experiment was performed once (single biological replicate) and is presented as a
validation/feasibility check. The barcode with the lowest relative abundance was JCb10
at 2.98% and the barcode with the highest relative abundance was JCb5 with 8.41% of
the total detected barcodes.

Despite the minimal variability these results suggest we can mix barcodes strains in
equal proportions to make an inoculum for a fermentation. These results also
demonstrate that one barcode does not seem to be preferentially sequenced (in

agreement with the data shown with Figure 3.15).

121



Relative abundance

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Barcode

Figure 3.15. Relative abundance of barcodes in a sample of barcoded Streptomyces
clavuligerus SC6 strains mixed by ODgo. Stocks of Streptomyces clavuligerus SC6
pSET152 JCb1-20 were grown for 48 hours and mixed in equal proportions based on
ODeoo measurements. Genomic DNA was extracted, and amplicons were generated
using the primers JC pSET152 barseq Fwd and Rev. The amplicons were then sequenced,
and barcode abundance was calculated. The relative abundance of each barcode is
shown, with the target abundance set at 5% (indicated by the horizontal black line).
While the mean relative abundance across all barcodes was 5.00%, variations are
observed. A Wilcoxon ranked test performed of this data has a p value of 0.674,
demostrating little variation from the mean of 5. Only a single replicate was performed
for each sample and therefore inference should be treated cautiously.
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After demonstrating that barcodes could be detected in equal abundance when mixing
both DNA and barcoded strains (Figures 3.12 and 3.13), further validation to
demonstrate PCR bias does not influence barcode relative abundance prediction was
performed. This was done as two PCR stages are involved in barcode relative abundance
estimation (firstly in the amplification of the barcoded region from genomic DNA and
secondly as part of the library preparation using the SQK-LSK114 sequencing kit). PCR
bias is a well-documented phenomenon and may impact the accuracy of predicted
barcoded strain abundances due to preferential amplification of certain barcodes over
others (Gohl et al., 2016; Polz and Cavanaugh, 1998).

Genomic DNA was extracted in triplicate of a test fermentation in 50 mL TSB (not shown)
at a random timepoint. The average relative abundance of each barcoded strain across
the triplicates was then plotted (Figure 3.16 A). The deviation of replicates from the mean
value for that barcode was also plotted as a bar and whisker plot (Figure 3.16 B). The
average deviation from the mean predicted abundance over the 20 barcoded strains was
0.19% relative abundance. The largest average deviation from a mean predicted
abundance was JCb13 deviating from the mean at an average of 0.46%. Across all
barcoded strains triplicates deviated both above and below the mean broadly equally,
meaning there was not a tendency to over or under predict the relative abundance of
barcoded strains according to PCR bias. It was determined PCR bias does not affect the

abundance prediction of barcoded strains.
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Figure 3.16. PCR bias does notimpact barcode relative abundance during Nanopore
library preparation. Genomic DNA was extracted from a fermentation timepoint
containing the 20 barcoded strains of Streptomyces clavuligerus SC6 pSET152 JCb1-20.
Amplicons were generated using barcode forward and reverse and subsequently used
for library preparation and sequencing, all conducted in triplicate. (A) Average relative
abundance across triplicates, with individual values for each replicate shown as black
dots. (B) A box and whisker plot illustrating the deviation of each replicate’s calculated
barcode abundance from the mean abundance. The average deviation from the mean
across all 60 data points is 1.22 x 107'°, indicating minimal PCR bias in barcode
representation despite two rounds of PCR in the generation of amplicons and the
sequencing library preparation. The average rage between the highest and lowest vale
across the 20 barcodes is 0.447%.
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After validating the use of the code for barcode detection, demonstrating that barcodes
could be mixed in equal abundance and detected at expected rates and analysing the
effects of PCR bias, a 50 mL fermentation in TSB of the barcoded strains was carried out
to demonstrate that Bar-seq can be used to track the relative abundance of barcoded
strains within a fermentation. Barcoded strains of Streptomyces clavuligerus SC6
pSET152 JCbh1-20 were cultured for 48 hours and mixed in equal proportions based on
ODsoo measurements, as previously demonstrated. This mixture was used to inoculate
50 mL TSB and grown for 48 hours. In total approximately 5 x 10’ CFUs were added to this
fermentation as a starting inoculum. Strain JCb6 was not included in this study as the
original 48-hour culture was contaminated. Genomic DNA was extracted at the start and
end of the fermentation, and barcodes were amplified using the primers JC pSET152
barseq Fwd and Rev. Amplicons were sequenced, and the relative abundance of each
barcode was calculated for both time points. A muller plot was created to show the
difference in strain abundance over time (Figure 3.17 A). The ability to track barcode
relative abundance throughout a fermentation demonstrates that Bar-seq can explore
population dynamics within a fermentation. These results also show that this 50 mL
fermentation appears to be stable, with no barcoded strain becoming dominant within
the fermentation.

To evaluate the changes in the relative abundance of barcoded strains and their
differences at the start and endpoints during fermentation, the log, fold change was

used to quantify these differences (Figure 3.17 B).

Figure 3.15 A and B both show that strains can be barcode relative abundance, and
therefore the use of Bar-seq can be taken forward into several different fermentation

environments.
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Figure 3.17. Bar-seq can be used to track barcodes within a fermentation and
determine the change in their relative abundance. (A) The barcoded strains of
Streptomyces clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and mixed
in equal proportions based on ODgoo measurements. This mixture was used to inoculate
50 mL TSB and grown for 48 hours. Genomic DNA was extracted at the start and end of
the fermentation, and barcodes were amplified using the primers barcode forward and
reverse. Amplicons were sequenced, and the relative abundance of each barcode was
calculated for both time points. (B) The log, fold change in each barcode's relative
abundance between the two time points was calculated and plotted, demonstrating that
Bar-seq can effectively track changes in barcode representation over time and facilitate
time-point comparisons.
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3.8 Summary

In this chapter Bar-seq methodology was proposed and validated for the purpose of
studying population dynamics within industrial S. clavuligerus during a fermentation.
Barcoded strains were mixed equally, fermented, DNA extracted, the barcoded were

PCR amplified, sequenced, and quantified to assess relative abundance (Figure 3.17).

Using the barcode sequences previously used by Larcombe et al., 2023, the similarity
between sequences was explored to ensure correct barcode identification would be
possible. ClustalOmega and Jalview (Figure 3.8) alignments showed low consensus,
confirming sequence uniqueness. Pairwise2 local alignments detected only one
instance of moderate similarity between barcode sequences (JCb4 and JCb16), which

did not exceed defined similarity thresholds (Table 3.3).

After the selection of barcode sequencing the plasmids pMS82 and pSET152 were
explored for their use of inserting the barcode sequences into S. clavuligerus SC6. After
conjugation, growth curves were completed of S. clavuligerus SC6 with pMS82 and
pSET152 (Figure 3.4 and Table 3.1). It was found that while pMS82 reduces growth rate (-
17.6%), pSET152 has negligible effect. Additionally, a CA assay was performed on S.
clavuligerus SC2 and SC6 with pMS82 and pSET152 to detect if either vector affected the
secondary metabolism of the strains (Figure 3.5). pSET152 minimally affects CA
production in SC6. However, pMS82 has greater negative impact, especially in SC2.
Given these findings and pMS82 carrying hygromycin resistance, pSET152 was selected

to integrate the barcoded into the chromosome of S. clavuligerus within this study.

Further validation of S. clavuligerus SC6 pSET152 was carried out demonstrating that
colony morphology does not appear to be affected and that pSET152 stably integrates

into the chromosome (Figure 3.6 and Figure 3.7).
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The 20 barcoded strains were then created and the PCR reaction amplifying the barcode
region from the genomic DNA of each strain was conformed (Figure 3.10). Further growth

curves demonstrated that barcoded strains all have a similar growth rate (Figure 3.11).

The ability to amplify out barcoded regions from genomic DNA and identify the expected
barcodes at expected abundance was then validated. The code used to identify barcode
sequences within a FASTQ was presented. This code was then used to explore the effect
of Levenshtein distances on barcode identification to allow for mutations within the
barcode while maintaining identification stringency. Up to a distance of 4, identification

was 100% accurate. This accuracy drops at distances of 5 and 6 (Figure 3.12).

Subsets of reads were also tested to define the minimum amount of reads accurately
predict barcode relative abundance per timepoint. It was concluded that 10,000 reads
or more were needed per timepoint to ensure reliability (Figure 3.13). Additionally, mixing
both barcode DNA and barcoded strains in equal abundance resulted in barcodes being
detected at expected ratios (Figures 3.14 and 3.15). The potential of PCR bias to skew
the results of barcode relative abundance prediction was also explored given the fact
that two PCR steps are included in the proposed methodology. PCR bias was negligible
(Figure 3.16) with an average deviation from mean abundance of 0.19% and no

systematic over or under-estimation being observed.

Given the validation of the proposed Bar-seq methodology demonstrating that it can
accurately detect barcodes, a test fermentation was run in 50 mL TSB over 48 hours
(Figure 3.17). This demonstrated that Bar-seq was able to successfully track the relative
abundances of 20 barcoded strains of S. clavuligerus SC6 throughout a fermentation.
Additionally, we could analyse the log fold change of the relative abundance of barcodes

at the end compared to the start of a fermentation.
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No barcoded strain became dominant within this fermentation. This work is foundational
to the remainder of the thesis and demonstrates that we can now use Bar-seq to study
population dynamics within a fermentation of Streptomyces. Yielding temporal data with

an ability to attempt to link genotype to phenotype in future experiments.
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Chapter 4 Population dynamics across fermentation scales
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4.1 Introduction

Scale-up of industrial fermentations requires a significant investment, with strain
selection representing a significant risk (Crater and Lievense, 2018). Scaling up
laboratory fermentations to industrial production volumes introduces significant
variability in microbial population dynamics, which can undermine yield, reproducibility,
and process control (Rugbjerg and Sommer, 2019). Small-scale flasks grown in rich
laboratory media, such as TSB, do not adequately reproduce the complex selective
pressures imposed by industrial fermentations, which often involve large culture
volumes, multistage seed-to-production transfers, stirring and nutrient-limited
production media designed to maximise secondary metabolite synthesis (Hoskisson
and Seipke, 2020). These changes in environmental conditions can destabilise the
intended strain composition, favouring subpopulations with undesired phenotypes and
reducing overall process consistency. Heterogeneity and batch-to-batch variability
remain significant barriers to scaling Streptomyces fermentations effectively (Gomez-

Escribano et al., 2021).

The extent to which scale and media composition influence strain-level population
dynamics is not well understood, largely due to the lack of high-resolution methods to
monitor populations over time. While the previous chapter established that Bar-seq is a
suitable method to track mixed populations of barcoded S. clavuligerus strains, its
application to more industrially relevant conditions is needed to test its robustness and
to provide insights into how population structure responds to environmental changes.
Importantly, industrial fermentations typically involve a multistage process, where
biomass is first generated in nutrient-rich seed medium and is then transferred into

production medium, which is optimised for secondary metabolite production. This
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transition introduces an additional layer of selection, potentially amplifying

heterogeneity in unpredictable ways.

This chapter aims to apply the Bar-seq methodology validated in the previous chapter to
investigate how population dynamics change under extended fermentation timescales,
increased culture volumes, and industrially relevant media and processes. Using
barcoded S. clavuligerus populations, fermentations under multiple media conditions
and timescales will be investigated. These insights will help to highlight the importance
of monitoring and managing heterogeneity in industrial fermentations to ensure

consistent performance.

James Croxford designed and performed the experimental work, sequencing, analysis,
and figure preparation for this chapter, including all shake-flask and 1 L experiments and
associated sample processing. For stirred-tank bioreactor fermentations (i.e. >1 L)
conducted at GSK, reactor inoculation, operation, and sample collection were
performed by Wei Li Thong and Alistair Middlemiss (GSK), while James Croxford prepared

the inoculum and performed all downstream processing, sequencing, and data analysis.

4.2 Time-dependent dynamics in small-scale fermentations

After confirming that Bar-seq was able to track strain abundance throughout the course
of a 48-hour fermentation in 50 mL of TSB, to move towards mimicking an industrial
fermentation, Bar-seq was used to track strains of S. clavuligerus within a 50 mL TSB
fermentation over 72 hours. This was done to see if the increase in timescale influenced

the change in relative abundance of barcoded strains.
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Using the same methodology from the previous chapter, where barcoded strains of S.
clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and mixed in equal
proportions based on ODsy measurements the barcoded strains were instead grown for
72 hours. For this fermentation and all fermentation going forward, ~ 1 x 10’ CFUs were
used as a starting inoculum. Strains JCb6 and JCb9 were not included in this study as the
original 48-hour culture was contaminated. Genomic DNA was extracted at the start and
end of the fermentation, and barcodes were amplified using the primers JC pSET152
barseq Fwd and Rev. Amplicons were sequenced, and the relative abundance of each
barcode was calculated for both time points. A muller plot was created to show the

difference in strain abundance over time (Figure 4.1).

In this case the average log,change in absolute barcode relative abundance (i.e. whether
positive or negative) was 0.35, this compares with an average of 0.44 within the 48-hour
fermentation. Additionally, the greatest absolute change in log, relative abundance for
the 72-hour fermentation was 0.98 (JCb20) compared to 1.75 (JCb10) of the 48-hour
fermentation. These results show the 72-hour fermentation is more stable than the 48-

hour fermentation due to the decreased changes in barcoded strain relative abundance.
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Figure 4.1. Minimal variation is observed in barcode abundance for flask
fermentations of S. clavuligerus over 72 hours. (A) Fermentation in 50 mL TSB tracked
over 72 hours shows similar variation to those tracked over 48 hours, indicating that Bar-
seq is effective for monitoring changes across three days. The additional 24 hours does
not significantly alter the observed variation compared to 48 hours. (B) Log, fold changes
in barcode relative abundance between start and end time points demonstrate the
capability of Bar-seq to track barcode representation over time and compare different
time points.
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4.3 Scale-up effects in TSB fermentations

To further move towards mimicking industrial conditions, fermentations using the 20
barcoded strains of S. clavuligerus SC6 pSET152 JCb1-20 were run in 1 L TSB over the
course of 5 days (120 hours), in triplicate. As before, the 20 barcoded strains of
Streptomyces clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and mixed
in equal proportions based on ODgy measurements. This mixture was used to inoculate
1 LTSB within a 5 L Erlenmeyer flask (20% vessel volume) and grown for 7 days. Genomic
DNA was extracted at the start and end of the fermentation, and barcodes were
amplified using the primers JC pSET152 barseq Fwd and Rev. Amplicons were
sequenced, and the relative abundance of each barcode was calculated for both time
points. A muller plot was created to show the difference in strain abundance over time

(Figure 4.2, A1, A2 and A3).

Compared to the two-fermentations run at a 50 mL scale it is clear there are greater
changesin barcode relative abundance across the three replicates. Fermentation A1 has
8 strains that decrease in abundance over the course of 120 hours. At the start of the
fermentation, cumulatively these strains have a relative abundance of 62.9%, whereas
at the end of the fermentation they occupy just 7.76% of the relative abundance.
Seemingly this is to the benefit of all other strains, specifically of JCb12, going from 6.30
to 20.4% of the strains within the fermentation. Similarly, JCb10, JCb16 and JC19 all
increase in abundance within fermentation A2, seemingly at the cost of most other
strains. Within fermentation A3 it is clear three strains become dominant at the end of
the fermentation. These three strains occupy 41.7% of the final relative abundance. Itis
therefore clear that strains can significantly increase or decrease in relative abundance

within a fermentation at this scale. Indeed, over the course of the 120 hours the barcode
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with the highest absolute change in log, was 4.18 (JCb9 in A3). The average log, change
across the three was 1.98 which compares to 0.40 of the two 50 mL fermentations
completed previously. It is however worth noting that despite the large increases in
instability, in none of the three replicates does one strain become dominant (>50% of the

relative abundance) within the fermentation.

It is also worth noting that batch to batch variability, a common issue within industrial
fermentation, is clear even at this scale across the three replicates. For each replicate
the average absolute log, change was 2.05, 1.38 and 2.53 respectively. Additionally,
across all three replicates a different humber of strains increased or decreased in
abundance with significantly different cumulative relative abundance of dominant

strains at the end of each fermentation.
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Figure 4.2. Scale-up of fermentation increases barcode variability in 1L fermentations of S. clavuligerus but not at consistent rates.
(A1, A2, A3) Barcode relative abundance was tracked within a 1 L fermentation in TSB over 120 hours. (B1, B2, B3) The maximum log, fold
change of a barcode was 2.08, 1.48 and 1.14 times higher than that observed in a 50 mL TSB fermentation from B1 to B3 repsectively,
demonstrating inconsistent levels of variability during scale-up.
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4.4 Bar-seq in multistage fermentations using industrial media

To more closely mimic the industrial fermentation conditions Bar-seq was explored
within a multistage fermentation. This would include using a seed media (S2A), used to
promote rapid and dense bacterial growth, which would be used as an inoculum for
production media, used to promote antibiotic production. This would better replicate
barcoded strain dynamics within industrial fermentation conditions for CA production.
Barcode relative abundance would be used to track the relative abundance of barcoded
strains at each of these stages of the fermentation. In the case of this model the 20
barcoded strains of S. clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and
mixed in equal proportions based on ODgyw measurements. This mixture was used to
inoculate 50 mL of S2A seed media which was then grown for 48 hours. This seed media
was then used as a 10% inoculum for 50 mL CM5 complete production media which was
grown for a further 120 hours (7 days growth in total). Genomic DNA was extracted and
barcode relative abundance determined at 0, 48 and 168 hours. A muller plot was

created to show the changes in barcode relative abundance (Figure 4.3).

Based on the plotted abundances Bar-seq can track relative abundance throughout a
multistage fermentation. Using the data gathered it is possible to look at the log, fold
changesinrelative abundance between both 0 to 48 hours (seed growth), 48 to 168 hours

(complete medium growth), and 0 to 168 hours (total growth).

In this case when comparing the relative abundances at hour 0 compared to hour 168
the average log,change was 0.57 with the greatest change being 1.75 (JCb6). The average
change of 0.57 compares to an average of 0.40 and 1.98 for 50mL (48 hours) and 1L (120
hours) TSB fermentations respectively. No strain became dominant within the

fermentation.
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Figure 4.3. Bar-seq can be used to track multistage fermentations of S. clavuligerus.
(A) A 50 mL fermentation in S2A media was grown for 48 hours and used as a 10%
inoculum for 50 mL CM5 media, where it was grown for an additional 120 hours,
mimicking industrial multistage fermentations. (B) Log, fold change in barcode relative
abundance between hours 0 and 168. The transition from S2A to CM5 media does not
result in increased variation compared to TSB fermentations.
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Once Bar-seq had been shown to be suitable for use within a multistage fermentation,
efforts were made to further replicate industrial fermentation conditions. To do this a
multistage fermentation was carried out in 1 L of industrial media. The 20 barcoded
strains of S. clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and mixed in
equal proportions based on ODgo measurements. This mixture was used to inoculate 50
mL of S2A seed media which was then grown for 48 hours. This seed media was then
used as a 5% inoculum for 1 L CM5 complete production media which was grown for a

further 120 hours (7 days growth in total) in a 5 L Erlenmeyer flask.

Given that we are now moving closer to mimicking an industrial fermentation, it is
important that we validate the growth of our S. clavuligerus strains within the multi-stage
fermentations using industrial media as this media is not commonly used within the lab.
Traditional methods to measure bacterial growth such as spectrophotometry or dry
weight analysis are not possible when using industrial media to the opaque nature of the
media, its high viscosity and high particulate count. Furthermore, the high levels of
rapeseed oil and soy protein concentrate flour within the CM5 media make any visual

analysis of growth within the media difficult.

While a thickening of the media and minimal change in colour do qualitatively indicate
growth, further validation is needed to validate growth within the media. Additionally,
while it is possible to extract nucleic acids from the media, using the same method as
that used for DNA extraction from TSB media, the extracted DNA is often lower in
concentration and higher in salt contamination, allowing it to be suitable for basic PCR

methods but difficult using methods such as gPCR to measure growth.

Such is the difficulty to measure growth within this industrial media, a viscometer is

often used in industrial settings to measure growth. This is because as the biomass
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increases as does the thickness of the media, it may also be due to the emulsification of
oil within the media. Furthermore, while it is possible to isolate colonies form this media,
the high levels of viscosity make it difficult to reproducibly and reliably take homogenous
samples. For example, when plating out 1 mL of culture onto an agar plate high variations

in CFU were observed (data not shown).

In lieu of commonly used growth quantification methods, a total protein assay, cell wet
weight and CA acid assay were completed over the course of the fermentation. These
methods were used to confirm the growth of S. clavuligerus within the media and predict

the growth rates at different stages.

The total protein of the culture was measured through a Bradford assay in triplicate
samples taken at 24-hour intervals. When the total protein of the multistage
fermentation was plotted using a log scale it resembled a traditional bacterial growth
curve (Figure 4.4). The growth appeared to plateau after 72 hours, suggesting that growth
was no longer exponential. This includes 24 hours of growth within production media,
this aligns with the purpose of production media not being for the rapid growth of cells
but instead the production of antibiotic. The drop after 48 hours within the total protein

levels represents the inoculation of S2A into CM5 media.

To calculate cell wet weight over the same time course 1 mL of cell culture was spun at
20,000 x g for 10 minutes in a 1.5 mL Eppendorf tube. The supernatant was removed and the
difference in weight of the Eppendorf was calculated. A similar growth trend is seen here
compared to the total protein assay of growth (Figure 4.5). There is a drop in 48 hours due
to the transfer into production media but broadly growth can be seen that plateaus out,
suggesting the end of exponential growth. However, compared to the total protein growth

curve this plateau occurs after 120 hours. Nonetheless, these results both indicate
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growth within both S2A and CM5 media. This coupled with the fact that S. clavuligerus
can be isolated from the media after 7 days of growth confirms that growth does reliably

occur within this multistage fermentation.

To also confirm the production of CA within the production media, a CA assay was
conducted in samples over the same period using an CA imidazole assay. Similar to the
growth curves observed when using total protein and wet weight assays a drop in
production can be seen between the transfer of S2A and CM5 as expected (Figure 4.6).
The production of CA however quickly increases and remains stable at a constant level
of around 40 pg/mL after transfer into CM5 media. Unfortunately, due to the previously
discussed viscosity and high particulate nature of the S2A and CM5 media, it is not
possible to normalise the levels of CA produced to the cell dry weight as done in previous

experiments.

Genomic DNA was also extracted from this fermentation and barcode relative
abundance determined at 0, 48 and 168 hours (Figure 4.7). It is again clear that, like the
multistage fermentation carried out within 50 mL, there is little variation in barcode
relative abundance. Additionally similar to the 50 mL fermentation one strain does not
become dominant within the fermentation. Two barcoded strains do significantly
increase in abundance (JCb10 and JCb17) over the course of the 168 hours; however
these changes appear to occur within the seed medium growth and then relative
abundance remains stable within the production media, an aspect that will be explored
later. It is however worth again noting that although the strains JCb10 and JCb17 increase
in abundance, they in no way become domain within the fermentation, occupying 26.2%

of the total barcode relative abundance.
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The average absolute change in log,fold change across 168 hours for all 20 barcoded
strains was 0.57 with the largest absolute change being 1.86 (JCb10). This average value
of 0.57 compares to the 50 mL (168 hours) multistage fermentation of 0.57 and the 1 L

(120 hours) TSB fermentation of 1.99.
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Figure 4.4. Total protein concentration can be used to measure growth within a
multistage fermentation of S. clavuligerus. A Bradford assay was used to measure
total protein concentration during a 1 L S2A-CM5 fermentation. This method substitutes
for dry weight and ODeoo growth curves, which are impractical due to the high viscosity of

the media. The drop in total protein observed at 48 hours corresponds to the transfer
between S2A and CM5 media. Error bars correspond to SDs (n = 3).
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Figure 4.5. Wet weight can be used to measure growth within a multistage
fermentation of S. clavuligerus. At each timepoint, 500 uL of media was collected,
centrifuged at top speed, and the supernatant removed. This method substitutes for dry
weight and ODeoo growth curves, which are impractical due to the high viscosity of the
media. The drop in wet weight observed at 48 hours corresponds to the transfer from S2A
to CM5 media. Error bars correspond to SDs (n = 3).
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Figure 4.6. Clavulanic acid is produced throughout the course of 1 L multistage
fermentations of S. clavuligerus. Clavulanic acid production was measured using an
imidazole assay throughout the course of a 1 L S2A-CM5 fermentation. A drop in
clavulanic acid concentration at 48 hours corresponds to the transfer from S2A to CM5
media. Due to the high viscosity of the media, normalization to dry weight was not
feasible. Error bars correspond to SDs (n = 3).
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variability observed in TSB fermentations.
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4.5 Batch-to-batch variability in 1 L multistage industrial fermentations

After the growth of industrial S. clavuligerus strains and use of Bar-seq had been
validated within industrial media at a 1 L scale over the same timescale used within an
industrial setting, it was decided to further investigate batch-to-batch variability.
Therefore, the 1 L multistage fermentation previously completed (Figure 4.4) was
repeated across six replicates, this would allow us to investigate batch-to-batch levels

of variation at a scale closer to industrial levels.

As before, the 20 barcoded strains of Streptomyces clavuligerus SC6 pSET152 JCb1-20
were cultured for 48 hours and mixed in equal proportions based on ODegg
measurements. This mixture was used to inoculate 50 mL of S2A seed media which was
then grown for 48 hours. This seed media was then used as a 5% inoculum for 1 L CM5
complete production media which was grown for a further 120 hours (7 days growth in
total) in a 5 L Erlenmeyer flask. Genomic DNA was extracted and barcode relative
abundance determined at 0, 48 and 168 hours. The six replicates were biologically

independent of each other (Figures 4.8 and 4.9).

It is again clear that all fermentations appear to be stable. Significantly, and as has been
seen before, no single strain comes to dominate in any of the fermentations, nor does
any strain reach an undetectable level of abundance. Across all six replicates the
average absolute log, fold change was 0.28, this compares to 0.57 of the previously
completely 1L multistage fermentation. This further demonstrates the relative stability
of barcoded strains within a 1 L fermentations mimicking industrial conditions. In no
replicate does any strain come close to being dominant (>50% relative abundance) and

the largest absolute log, fold change across all replicates was 1.23 (JCb18 in A6). This
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value compares to the average change of 1.98 in the 1 L (120 hours) TSB fermentations

previously shown, further highlighting the stability of multistage fermentations.

Additionally, across the six replicates discussed here, while different strains increase or
decrease in relative abundance, a very small level of batch-to-batch variability is seen.
For the fermentation A1 to A6 the average absolute log,fold change is 0.29, 0.30, 0.29,
0.29, 0.26 and 0.26 respectively. However, the small range of these values is likely down
to the stable nature of these fermentations and therefore little batch-to-batch variation

being able to be observed.

The ‘bumps’ in abundance seen in fermentation A2 and A4 are likely due to technical
artefacts during barcode PCR amplification or sequencing, such as uneven
amplification efficiency or low initial DNA input, likely related to isolating genomic DNA
from the viscous/particulate industrial media. A return to expected abundance levels is
observed in subsequent timepoints, confirming that this is an anomaly specific to
datapoints rather than a biological effect.

Additionally, as several fermentation replicates have been performed, the number of
times individual barcodes increased or decreased in abundance was previously not
investigated. To test this analysis was carried out to determine the randomness of
individual barcodes predominating in a fermentation and to further validate Bar-seq. The
total times a barcode increased in abundance in all fermentation to this point was 112
and a total of 143 barcodes decrease in abundance, suggesting that fermentations are
unbiased. Furthermore, to further assess any bias in the Bar-seq experiments to this
point, all the data for changes in log, fold change for all fermentation was plotted on a
histogram (Figure 4.10). While the data appeared to be normally distributed around 0, a

Shapiro-Wilk test on the log, fold change data returned a p value of 1.47 x 1072
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suggesting the data is not normally distributed. This is likely due to the long tails to the
positive and negative values. Most of the data seemed to be centred around 0 suggested
randomness for barcodes to either increase or decrease in abundance, validating the
technique up to this point. Moreover, the potential emergence of mutations during
fermentations mean that the measures are not truly random as each strain may not be

identical.
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Figure 4.8. Minimal variation within 1 L multistage fermentations of S. clavuligerus is observed in fermentations 1 to 3. (A1, A2, A3) 50
mL fermentations in S2A media were grown for 48 hours and used as a 10% inoculum for 1 L CM5 media, where they were grown for an
additional 120 hours, mimicking industrial multistage fermentations. (B1, B2, B3) Log, fold change in barcode relative abundance at hour 168
compared to hour 0 shows minimal variation between strains.
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Figure 4.9. Minimal variation within 1 L multistage fermentations of S. clavuligerus is observed in fermentations 4 to 6. (A4, A5, A6) 50
mL fermentations in S2A media were grown for 48 hours and used as a 10% inoculum for 1 L CM5 media, where they were grown for an
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compared to hour 0 shows minimal variation between strains.
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Figure 4.10. Distribution of barcode log, fold changes across all fermentations
included in this study. The log, fold change in barcode relative abundance between the
start and end of each fermentation was plotted for all barcoded strains to this point of
the study. The resulting distribution is approximately symmetric and centred around
zero, consistent with random strain behaviour. A Shapiro-Wilk test confirmed that the
data are not normally distributed (p = 1.47 x 10'12), although the overall shape remains
bell-like. This supports the use of Bar-seq to monitor strain competition without
introducing systematic bias towards any barcode.
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4.6 Statistical comparison across media, scale, and stage

Given there is an appropriate number of replicates across the conditions so far
measured we can now start to analyse the levels of instability across fermentation
volumes and medias. For each type of fermentation, the log, fold change values were
squared to allow all data to be plotted against each other as positive values. These
squared values allows directly visualisation of instability in barcoded strains relative

abundance compared to other fermentation types.

Firstly, all the squared log, fold changes between 1L TSB and CM5 fermentation were
plotted (Figure 4.11). While TSB fermentations were carried out over 120 hours and
multistage fermentations were carried out over 168 hours, based on the growth data
where fermentations were in stationary phase at this point, it was deemed valid to
compare these data. Based on the resulting boxplot (Figure 4.11) the TSB fermentations
gives rise to much greater instability than multistage fermentation, suggesting that the
industrial media used within this study was much better at maintaining stability in
fermentations. The data were not normally distributed; therefore, a Wilcoxon signed-
rank test was used to compare the means of the two groups, resulting in a p value of 2.2
x 107%. This demonstrates that TSB gives rise to significantly more unstable
fermentations that multistage industrial media fermentations. This is also highlighted by
the squared log, fold change value for TSB was 40.5 x higher than that of the industrial

media.

Secondly while only one 50 mL multistage fermentation had been completed compared
to 6 1 L multistage fermentations, the squared values of the log, fold changes were
plotted against each other to investigate whether scaleup within industrial media

affected the levels of instability (Figure 4.12). This is because scale-up may cause
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significant problems within the fermentation process (Viana Marques et al., 2018).
Having data to elucidate how the scale-up process affects instability will offer insight
into population dynamics within a fermentation. It was found that scaling the multistage
fermentation from 50 mL to 1 L appeared to increase stability. Larger-scale
fermentations show a reduction in barcode instability by an average of 4.00 x, suggesting
improved strain stability at higher volumes in industrial media over 168 hours. The data
are not normally distributed; therefore, a Wilcoxon signed-rank test was used to
compare the means of the two groups, resulting in a p value of 1.97 x 10 However,
because the 50 mL multistage condition was represented by a single fermentation, this
comparison should be treated as exploratory and would require additional 50 mL

replicates to confirm any scale-associated difference.

Finally, as we have observed potentially greater instability within the S2A seed media
compared to the CM5 production media within 1 L multistage fermentations (Figure 4.4),
the squared log, fold changes of all barcodes when comparing 0-48 h (seed media) and
48-168 h (complete media) were plotted (Figure 4.13). The mean log, fold change values
for the S2A medium and CM5 medium stages of fermentation were 0.627 and 0.706
respectively. This suggests that there is little difference between the two groups. Indeed,
as the data were not normally distributed a Wilcoxon signed-rank test was used to
compare the means of the two groups, resulting in a p value of 0.7998, confirming this

lack of difference at this point.

However, it is important to consider the timescales at which each of these two stages
are carried out within the fermentation. The S2A seed medium is used, as discussed, to
promote growth and is fermented for 48 hours (2 days). This is then used as an inoculum

for CM5 media which is used to maximise production of, in this case CA, over a further
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120 hours (5 days). The similarity in instability levels between these two stages is
notable. Despite the industrial strains being grown in CM5 for 2.5 times longer, they do
not exhibit 2.5 times more instability. As a result, the squared log, fold changes across
both media types were normalised to the number of days to which S. clavuligerus is
grown in that media for. When normalised, the average squared log, fold change in S2A
has an average value of 0.314 whereas CM5 has an average value of 0.1412. This means
the level of squared log, fold change abundance, when normalised, is 2.22x higher per
day in S2A compared to CM5, suggesting that seed culture is twice as unstable than
production medium. A Wilcoxon test returned a p value of 6.14 x 10 °confirming the

difference between the groups.
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Figure 4.11. TSB causes greater variation in barcode relative abundance of S.
clavuligerus fermentations compared to industrial media. The square of all barcode
log, fold changes for 168-hour, 1 L fermentations in TSB and S2A-CM5 media were
compared. TSB fermentations show a large increase in variability compared to S2A-CM5
fermentations, indicating that S2A-CM5 media helps maintain strain stability. Data were
not normally distributed; therefore, a Wilcoxon signed-rank test was used to compare
the means of the two groups, resultinginp =2.2x 107,
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Figure 4.12. Scale-up of multistage fermentations of S. clavuligerus appears to
increase strain stability. The square of all barcode log, fold changes for 168-hour, 50
mL, and 1 L fermentations in S2A-CM5 media was plotted. Larger-scale fermentations
show a reduction in barcode instability, suggesting improved strain stability at higher
volumes. Data were not normally distributed; therefore, a Wilcoxon signed-rank test was
used to compare the means of the two groups, resulting in p = 0.01968. This comparison
includes one 50 mL multistage fermentation versus six 1 L multistage fermentations;
conclusions should be interpreted cautiously.
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Figure 4.13. Strain variation is higher in S2A fermentations after normalising for
time. The square of barcode log, fold changes is shown for 48-hour, 50 mL S2A
fermentations and 120-hour, 1 L CM5 fermentations of S. clavuligerus. Original shows
the raw data. Normalised per day shows values normalised by fermentation duration
(log, fold change per day, squared). Data were non-normally distributed, so a Wilcoxon
rank-sum test was used. While no significant difference was observed in the raw data (p
= 0.7998), S2A showed significantly greater variation when normalised for fermentation
time (p = 6.14 x 107°), suggesting higher per-day instability. For clarity, the y-axis of the
normalised panel is capped at 1.5 (excluding one data point). All data points, including

outliers, were retained for statistical analysis.
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4.7 Mimicking industrial fermentations in stirred-tank bioreactors

After these statistical analyses were completed on fermentations at a 1 L scale in
shaking culture, further attempts were made to closer mimic industrial conditions to
analyse how population dynamics were affected. To achieve this, the GSK Pilot
Fermentation Facility at the GlaxoSmithKline (GSK) Worthing site that is used in the
development of authentic industrial S. clavuligerus strains was used. The 20 barcoded
strains of S. clavuligerus SC6 pSET152 JCb1-20 were cultured for 48 hours and mixed in
equal proportions based on ODgo measurements. After, 40 mL of this mixture was used
to inoculate 4 L of S2A media within a stirred tank bioreactor. This was grown for 48 hours
after which 800 mL of this culture was used to inoculate four 10 L stirred tank bioreactors
containing CM5 to a final volume of 7.5 L. The CM5 culture was grown for a further 6 days
(24 hours longer than previously completed fermentation at 1 L scale). Across the two
fermentation stages pH was controlled at 6.8 throughout the process and the cultures
were agitated at an increasing rate between 300-700prm to account for the increase in
viscosity. Airflow was controlled at 8 L / min and the temperature was maintained at 26
°C. These conditions closely mimic industrial testing conditions. Genomic DNA was extracted
every 24 hours. The relative abundance of barcoded strains was plotted on a muller plot

across four replicates (Figures 4.14 and 4.15).

It is immediately clear that across all four fermentations there is minimal change in
barcoded strain relative abundance, which is of significance as although previous
evidence has suggested scaling up from 50 mL to 1 L fermentation within industrial
multistage fermentation does not adversely affect population dynamics, population

dynamics have not before been explored within a single species at this level before.
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Across the four replicate fermentations the average absolute log,fold change in barcode
relative abundance was 0.76 between hour 0 and hour 192. This compares to an average
value of 0.28 for 1 L multistage fermentation carried out over 168 hours. This value of
0.76 is still significantly below the average value of 1.98 for 1 L TSB fermentation run over
120 hours, however. The largest change in log, fold change was 2.74 (JCb18 in
Fermentation A4), this compares to 1.23 and 4.18 for the 1 L multistage and TSB

fermentation respectively.

The barcoded strain JCb16 appears to increase in abundance at a consistent rate (a log,
fold change of around 1). This anomaly is explained by the use of the same seed culture
for allfour fermentations. Therefore, the strain JCb16 had increased in abundance within
the first 48 hours of growth within the S2A media. This aligns with evidence seen
previously that the S2A stage of the fermentation gives rise to greater relative changes in
barcode relative abundances than CM5. To that end, the differences were explored and
plotted within a boxplot to visualise the difference between S2A and CM5 stages of this
fermentation. As before the squared log,fold changes were normalised to the number of

days each culture was grown for (Figure 4.16).

Across these stirred tank conditions, the mean squared log, fold change within the S2A
stage of the fermentation was 1.57. This compares to the CM5 stage of the fermentation
it was 0.56, 0.26, 0.48 and 0.28 respectively making an average of 0.40. This suggests
that, with normalisation, the seed (S2A) stage of the fermentation is around four-fold
more unstable than that of the production (CM5) stage of the fermentation. This aligns
with what we have observed within a 1 L multistage fermentation were, once normalised
the seed stage of the fermentation was around twice as unstable as the production stage

of the fermentation.
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As the pH of a culture is known to play a key role within Streptomyces stability, especially
in fermentation (Baskaran and Muthukumarasamy, 2017). Itis notable that the pH within
the stirred tank bioreactor was controlled. To compare this to a 50 mL multistage
fermentation the pH of the culture was measured at the start and end of the
fermentation. A 50 mL fermentation ranges from pH ranged from 6.8 to 7.3 in S2A-CM5
and from 7.0to0 8.8 in TSB (Figure 4.17), between hours 0 and 168. However, in the stirred
tank itwas kept constant at 6.8 pH. Importantly however, across all of four fermentations
at this scale one strain did not come to dominate the fermentation. Indeed, across the
four fermentations the strain with the highest relative abundance at hour 192 is JCb17

representing 15.07% of the abundance in fermentation A3.
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Figure 4.14. Scaling fermentation up to industrial conditions does not significantly increase strain variability on fermentations 1 and
2. (A1, A2) A7.5 L fermentation of S. clavuligerus in S2A media was grown for 48 hours, and 800 mL was used as an inoculum for 7.5 L of CM5
media, where it was grown for an additional 120 hours, mimicking industrial multistage fermentation. Fermentations were paddle-driven and
agitated at a maximum speed of 700 rpm, with pH monitored and maintained at 6.8. (B1, B2) Log, fold change in barcode relative abundance
at hour 168 compared to hour 0 shows minimal variation between strains.
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Figure 4.15. Scaling fermentation up to industrial conditions does not significantly increase strain variability on fermentations 3 and
4. (A3, Ad) A7.5Lfermentation of S. clavuligerus in S2A media was grown for 48 hours, and 800 mL was used as an inoculum for 7.5 L of CM5
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agitated at a maximum speed of 700 rpm, with pH monitored and maintained at 6.8. (B3, B4) Log, fold change in barcode relative abundance
at hour 168 compared to hour 0 shows minimal variation between strains.
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Figure 4.16. Normalised squared log, fold change per day across S2A and CM5
stages for four 7.5 L multistage fermentations. Each point represents the squared log,
fold change in barcode abundance normalised to days of growth (2 days for S2A, 5 days
for CM5). Normalisation was applied uniformly across all fermentations. The mean
normalised log, fold change was 0.41 for S2A and 0.29 for CM5. For clarity, the y-axis of
the normalised panel is capped at 2.5 (excluding seven data points). All data points,
including outliers, were retained for statistical analysis. When considering the four
replicates as one a Welch’s t-test shows there is a significant different between S2A and
CM5 stages of the industrial scale fermentation with a p value of 2 x 10,
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S2A-CM5 media. pH was measured at regular intervals throughout 168-hour
fermentations in TSB or S2A-CM5. In TSB, pH increased from 7.0 to 8.8 over the course
of the fermentation, whereas in S2A-CM5 pH remained stable between 6.8 and 7.3. Error
bars correspond to SDs (n = 3). The dotted line between the two S2A-CM5 data at hour
48 represent the transition between the two media.
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4.8 Bar-seq for competition assays

Following the determination that Bar-seq is suitable for the study of population
dynamics in industrial fermentations, it was explored if Bar-seq could be used to study
inter-strain competition assay. A key requirement within a competition assayisto be able
to distinguish strains with a simple phenotypic test, for example to count colonies on
different discriminatory media to determine differential fitness (Finkel and Kolter, 1999).
One way to do this is to use antibiotic markers or auxotrophic strains (Lenski et al., 1998)
but this can have potential fitness costs associated with carriage of the marker gene and
selection (Harmand et al., 2018). However, if two or more strains of the same species
are being competed against each other this phenotypic differentiation may not be
possible. In this case, the only way to elucidate the quantities between two strains is
tagging the genomes of those strains with some sort of unique marker and using this to
quantify the abundance of each strain within a population. Therefore, the ability of Bar-
seq to track the relative abundance of two strains of the same species was explored

within the context of a competition assay.

The industrial strains S. clavuligerus SC2 and S. clavuligerus SC6 were used within a
competition assay. As discussed previously S. clavuligerus SC2 is a precursor industrial
strain to S. clavuligerus SC6 following multiple rounds of random mutagenesis
(Benjamin Huckle, Personal communication). The iterative selection for S. clavuligerus
strains during the CA development process for increased CA production has also
resulted in adaptation to industrial media (Munnoch et al., in prep). Therefore, S.
clavuligerus SC2 is less adapted to industrial media than S. clavuligerus SC6, and also
has a greater specific growth rate than SC6, which has been selected through more

rounds of mutagenesis for its ability to grow and produce CA is industrial media.
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To explore this, two versions of each industrial strain were created. S. clavuligerus SC2
had barcodes JCb1 and JCb2 introduced via conjugation. The previously made strains of
S. clavuligerus with JCb1 and JCb2 were also used in this experiment. To ensure that the
barcode was not inferring with a specific aspect of strain fithess reciprocal experiments
were performed. S. clavuligerus SC2 JCb1 was competed against S. clavuligerus SC6
JCb2. In a separate competition S. clavuligerus SC2 JCb2 was competed with S.
clavuligerus SC6 JCb1. As with the previous experiments involving Bar-seq each strain
was grown for 48 hours in 50 mL TSB and mixed in equal proportions based on ODggo
measurements. The mixture of the two strains was further grown for 48 hours in 1 L TSB,
with genomic DNA being extracted at the start and end of the fermentations to enable

barcode relative abundance to be determined.

Both combinations of barcodes show similar results demonstrating that the barcodes
themselves do not infer a fithness advantage on either strain. In both fermentation S.
clavuligerus SC2 becomes dominant throughout the fermentation ending up at a final
relative abundance of 98.8 and 94.9% for fermentation A1 and A2 respectively (Figure

4.18).
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Figure 4.18. Bar-seq can be used to track competition between S. clavuligerus SC2
and SC6. (A1) Barcode JCb1 was used to track SC2, and (A2) barcode JCb2 was used to
track SC6. Strains were mixed and fermented in 1 L TSB for 48 hours. (B1, B2) Log, fold
changes in barcode relative abundance show SC2 versus SC6 and SC6 versus SC2,
respectively. The data reveal that SC2 consistently outcompetes SC6 under these
conditions.
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To build on these findings and further explore both inter-strain and intra-strain
competition, five barcoded variants of each industrial strain (S. clavuligerus SC2 and
SC6) were constructed. Barcodes JCb1-10 were used with JCb1-5 being used for one
strain and then JCb6-10 being used for the opposing strain in that competition. Each
barcode was introduced to S. clavuligerus via conjugation into an otherwise isogenic
background, meaning that within each strain (S. clavuligerus SC2 or SC6), the only
difference between the five barcoded strains was the barcode itself, as before. As with
previous experiments, strains were grown for 48 hours in 50 mL TSB, then mixed in equal
proportions based on ODgy and co-cultured in 1 L TSB for 48 hours. To control for
barcode-specific effects, a second fermentation was set up in which the barcodes were
swapped between strain backgrounds.

Across both biological replicates, SC2 again became dominant, reaching final
cumulative relative abundances of 96.7% and 89.2% respectively (Figures 4.19 and
4.20). These results are consistent with the previous two-barcode competition assay
(Figure 4.18), where SC2 reached 98.8% and 94.9% when using a single barcode for each
strain. This confirms that SC2 is consistently more fit than SC6 in TSB, regardless of
which barcode is used, and further validates the use of multiple barcodes per strain for
tracking.

Interestingly, this experimental design also revealed evidence of intra-strain
competition. Within the S. clavuligerus SC2 group, some barcoded variants increased in
relative abundance over the course of the fermentation, while others decreased. Despite
S. clavuligerus SC2 becoming dominant, not all five S. clavuligerus SC2 barcodes

followed the same trajectory.
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Figure 4.19. When multiple barcodes are used per S. clavuligerus strain, intra-strain
competition can be observed. (A) Barcodes JCb1-5 were conjugated into otherwise
isogenic strains of SC2, and barcodes JCb6-10 were conjugated into otherwise isogenic
strains of SC6. All 10 strains were mixed in equal abundance and fermented in 1 L TSB
for 48 hours. (B) The log, fold change of the cumulative relative abundance for both
strains was plotted, showing SC2 significantly outcompetes SCB6, as is consistent with
previous experiments. (C) Intrastrain competition is observed within SC2. While all SC6
barcodes decrease in relative abundance, unexpectedly, two of the five SC2 barcoded
strains also decrease in abundance. This suggests that the overall increase in SC2
abundance is attributable to three of the five barcoded strains and demonstrates
variation even within strains.
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showing SC2 significantly outcompetes SC6, as is consistent with previous experiments.
(C) Intrastrain competition is observed within SC2. While all SC6 barcodes decrease in
relative abundance, unexpectedly, three of the five SC2 barcoded strains also decrease
in abundance. This suggests that the overall increase in SC2 abundance is attributable
to two of the five barcoded strains and demonstrates variation even within strains.

Log, fold change of relative abundance
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4.9 Summary

This chapter aimed to assess how well Bar-seq can track population dynamics under

increasingly relevant industrial fermentation conditions.

Bar-seq was first tested in a 72-hour, 50 mL TSB fermentation to check whether
extending the timescale introduced additional instability (Figure 4.1). Variation was
slightly reduced compared to the 48-hour fermentations described in Chapter 3,
suggesting that Bar-seq remains reliable over longer timeframes and that instability is

not strictly time-dependent.

Scaling up to 1 L fermentations in TSB led to much greater variability in barcode
abundance between the start and end points (Figure 4.2), with replicate-to-replicate
variation also becoming more pronounced. Despite this, no strain reached dominance
(>50%), and most barcodes remained detectable, showing that even with increased

instability, the full population could still be resolved.

Introducing a multistage setup using S2A and CM5 media, a more industrially relevant
approach, led to much more stable barcode dynamics. Both 50 mL and 1 L multistage
fermentations showed limited changes in barcode abundance (Figures 4.3 and 4.7), and
even across six biological replicates, batch-to-batch variation remained low (Figures 4.8
and 4.9). These findings show that industrial media formulations help stabilise strain
composition, possibly due to different selective pressures or reduced growth rates in
CMb5. Additionally, the increased stability within industrial media correlated with media-
dependent pH changes. TSB fermentations became increasingly alkaline, whereas CM5

maintained a stable pH range (Figure 4.17).

However, across both the 1 L multistage shake flasks and the 7.5 L stirred-tank

bioreactor fermentations, the S2A seed stage consistently showed more instability than
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the CM5 production stage when normalised to time (Figures 4.13 and 4.16). This was
observed even when pH, agitation, and aeration were tightly controlled (Figures 4.14 and
4.15), suggesting that the nature of the seed medium, rather than physical conditions, is
a key contributor to early population shifts. Once in CM5, populations remained stable

over several days, and no single barcode came to dominate in any fermentation.

Taken together, these experiments show that Bar-seq is not only suitable for tracking
complex mixed populations under laboratory conditions, but also robust enough for use
across a range of fermentation scales and industrial media types. It consistently
resolved population structure without introducing bias (Figure 4.10) and was sensitive
enough to detect both inter- and intra-strain competition. This was further supported by
competition assays, where SC2 consistently outcompeted SC6 regardless of the
barcodes used (Figures 4.18-4.20), and intra-strain variation was observed when

multiple barcodes were introduced per background.

Finally, a comparison of overall instability across conditions (Figure 4.21) highlights that
the highest variation occurred in TSB at 1 L scale, and the lowest in CM5-based
multistage fermentations. These findings emphasise that Bar-seq is well-suited for
assessing strain stability in industrial fermentations and provides a useful tool for

evaluating how strain mixtures behave during scale-up.
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Chapter 5 Long term evolution of barcoded strains

176



5.1 Introduction

Duringindustrial fermentations, populations of S. clavuligerus are subjected to extended
growth in nutrient-limited environments designed to maximise CA production (Lépez-
Agudelo et al., 2021; Schmidt, 2005). However, these environments also impose strong
selective pressures that may drive genetic and phenotypic changes over time (Harms et
al., 2017; Hoskisson and Hobbs, 2005). Spontaneous mutations are well-characterised
mechanisms of genetic change in bacteria (Martinez and Baquero, 2000), and
Streptomyces species are known to be particularly susceptible in this regard because of
their large, G+C-rich genomes, high capacity for recombination and linear genomes
(Lerminiaux and Cameron, 2018; Zhang et al., 2022). In natural environments, this
evolutionary adaptability enables resilience and survival (Ensign, 1978; Williams et al.,
1972). In contrast, in an industrial setting, it may lead to instability and reduced

consistency of product formation (Rugbjerg et al., 2018).

While fermentations completed in the previous chapters revealed media and scale
dependent changes in barcode abundance, they were not sufficient to assess the long-
term evolutionary potential of barcoded S. clavuligerus. Additionally, the lack of
population dynamics within industrial media over an industrially relevant timescale,
suggested the anecdotal links between genotypic and phenotypic differences leading to
non-production in industrial fermentations may not be as obvious as originally

purported.

Previous work, most notably the Long-Term Evolution Experiment (LTEE) in Escherichia
coli (Lenski et al., 1991), has shown that extended culture under a single condition can
lead to adaptation, with the fixation of specific mutations and the emergence of
dominant lineages. Whether similar dynamics occur in S. clavuligerus under industrial

fermentation conditions remains unknown.
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This chapter investigates the evolutionary potential of barcoded S. clavuligerus strains
over extended serial passage in industrially relevant CM5 medium. Barcoded strains
were grown over 70 days with regular passaging, and barcode abundance was tracked
over time to identify changes in population structure. Strains that became dominant
were selected for further characterisation to identify putative adaptive mutations and
assess their impact on product yield. This approach provides insight into the
evolutionary forces acting during prolonged culture and the extent to which these

changes affect industrially important phenotypes such as antibiotic production.

All experimental evolution work within this chapter (e.g. serial passaging, sampling,
phenotyping etc.), sequencing, analysis, and figure preparation in this chapter were
performed by James Croxford. Genome sequencing analyses in this chapter used the
annotated S. clavuligerus SC6 reference genome generated by John Munnoch (DNA
isolation, sequencing, genome assembly, and annotation), as described in Section 2.3
of this Thesis, which was used as the reference for downstream analyses.
Transcriptomic analyses additionally used this annotated reference genome generated

by John Munnoch.

5.2 The evolution experiment

To investigate adaptation of S. clavuligerus under industrial conditions, an evolution
experiment was performed using the 20 barcoded strains of S. clavuligerus SC6. While
previous fermentations in 1 L of multistage industrial media showed significant shifts in
population dynamics, a 7.5 L bioreactor did not yield similar changes. This suggested
that either the environment was insufficiently selective or that adaptation occurs on

longer timescales. To explore this further, an experiment was designed in which
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adaptation was studied on longer timescales to test if strains may emerge within the
population that may then go on to be dominant, as a result of adaptations. The design
was conceptually modelled on the Long-Term Evolution Experiment with E. coli (Lenski

etal., 1991).

Barcoded strains of S. clavuligerus SC6 pSET152 JCb1-20 were grown in TSB for 48 hours
and then mixed in equal proportions (2.7 x 10’ CFUs in total, equivalent to 5 mL of 5.4 x
10° CFUs/mL within the inoculating culture) based on ODe readings. This inoculum was
used to seed 50 mL of CM5 medium in triplicate, generating three independent evolution
experiments (A, B and C). Cultures were grown for five days, then serially passaged by
transferring 10% volume into fresh CM5 medium. This process was repeated every five

days for 70 days (14 passages).

Genomic DNA was extracted at days 25, 40, 50, 60, and 70. Barcoded regions were
amplified and sequenced as described previously to quantify the relative abundance of
each strain. A Muller plot was generated to visualise the dynamics of barcoded strain
populations over time (Figure 5.1). Additionally, log.fold changes in abundance were

calculated for each strain at day 70 relative to the starting abundance.

The doubling time of S. clavuligerus during the evolution experiments was estimated
using two independent methods, due to the variability in CFU counts observed in CM5.
First, CFU counts were taken at the start and end of a five-day passage in each of the
three experiments, in triplicate, yielding an average doubling time of 10.63 hours across
replicates. Second, a Bradford assay was used to measure total protein concentration in
cultures sampled every 24 hours over five days. Exponential phase was identified, and

the corresponding growth rate indicated a doubling time of 11.58 hours. Averaging these
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two estimates gave a final doubling time of 11.11 hours, suggesting that approximately

152 generations occurred over the 70-day course of the evolution experiment.

Despite identical starting inoculum, the three biological replicates diverged markedly in
their population trajectories. In experiment A, six strains increased in abundance, while
one and seven strains did so in experiments B and C, respectively. At day 70, experiment
A contained 10 strains each at <1% relative abundance, while JCb13 and JCb2
represented 24.20% and 36.62%, respectively. Notably, JCb2 peaked at 55.90% at day

60 before declining in relative abundance.

Experiment B showed a markedly different pattern, with JCb10 reaching 90.96% relative
abundance by day 70. Apart from JCb2 (2.04%), all other strains finished at below 1%.
The expansion of JCb10 began after day 40; at that earlier timepoint, JCb12 was

dominant (31.84%) but subsequently declined.

Experiment C exhibited a more stable profile, with multiple strains maintaining moderate
abundance. At day 70, JCb4, JCb13, JCb14, JCb15, and JCb18 were present at 12.11%,
14.29%, 23.06%, 19.63%, and 4.36%, respectively. JCb14 remained consistently
abundant throughout the experiment. Only five strains fell below 1% abundance, though

fluctuations were still observed over time.

The differing dynamics between replicates suggest there is no bias between barcoded
strains. Experiment B was selected for further characterisation in subsequent analyses,
as it resulted in the clear dominance of a single barcoded strain, suggesting this

dominant strain had successfully adapted to its environment.

CA production was also monitored across all experiments. CA assays were performed
every five days, with three replicates per timepoint. As before, CM5 medium prevented

dry weight normalisation, so results were reported as yg/mL only. At day five, CA titres
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reached 203.94 pg/mL, 243.00 pg/mL, and 195.45 pg/mL respectively. Over time, all
three showed a consistent decline. By day 70, CA production had dropped to 69 pg/mL,

88 pg/mL in experiments A and C respectively, and just 25 pg/mL in experiment B.
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Figure 5.1. Long-term evolution of industrial S.

clavuligerus shows inconsistent strain dominance. (A1, A2, A3) Barcode relative
abundances were tracked in 50 mL CM5 fermentations over 70 days. Cultures were grown for five days, passaged into fresh CM5, and repeated
for 70 days. (B1, B2, B3) Log, fold change in strain abundance varied across biological replicates, with six, one, or seven strains increasing in
relative abundance in fermentations A, B, and C, respectively.
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Figure 5.2. Clavulanic acid levels decrease during long-term strain evolution.
Triplicate samples were taken every five days from the fermentations shown in Figure 5.1.
Clavulanic acid (CA) was quantified in each sample; results could not be normalised to
cell dry weight due to high medium viscosity and particle content. Error bars indicate
standard deviation of triplicates. After 70 days, fermentations A and C retained CA levels
of 69 pg/mL and 88 pg/mL, respectively, while fermentation B dropped to 25 pg/mL.
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5.3 Analysis of evolution experiment B

As evolution experiment B was selected for further analysis, a method was required to
distinguish colonies belonging to the dominant barcoded strain (JCb10) from other
strains. To achieve this, PCR primers were designed with the forward primer (JCb10
check fwd) targeting the unique barcode region of JCb10, and the reverse primer (JCb10
check rev) located 1 kb upstream. The design accounted for the genomic integration of
pSET152, such that the primers would face away from each other in the circular plasmid,
but toward each other once integrated, allowing for specific amplification only from

integrated pSET152 JCb10.

To ensure the designed primers amplified only DNA from JCb10, and no other barcode,
avalidation PCR was performed. Genomic DNA from all 20 barcoded strains were tested
using the primers JCb10 check fwd and rev, only genomic DNA from JCb10 amplified and
created a band at the expected size (Figure 5.3). As a result, it was confirmed that these

primers were appropriate for the detection of JCb10.

Following validation, genomic DNA was extracted from 96 colonies isolated from
evolution experiment B. PCR was performed using the JCb10 check fwd and rev primers.
A subset of the resulting PCR products (colonies 25-36) were analysed via agarose gel
electrophoresis (Figure 5.4). Amplification was observed in all samples except colony
27, which lacked the expected band. Barcode sequencing confirmed that this colony
was JCb6, a minor strain within the population at day 70. For downstream genotypic and
phenotypic characterisation, five confirmed JCb10 colonies and the single JCb6 isolate

(colony 27) were selected for further analysis.
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Figure 5.3. Validation that primers JCb10 check fwd and rev only amplify JCb10
genomic DNA. Genomic DNA was extracted from S. clavuligerus SC6 pSET152 JCb1-20
and PCR was performed using primers JCb10 check fwd and rev. Amplification of JCb10
DNA shows specificity of the primers for this strain. Negative control was nuclease free

water.
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Figure 5.4 Identification of a rare strain within evolution experiment B using JCb10-
specific PCR. Genomic DNA was extracted from 96 colonies isolated from evolution
experiment B, and PCR was performed using primers JCb10 check fwd and rev. A subset
of colonies (25-36) was run on an agarose gel, showing amplification in all except colony
27. The absence of amplification in colony 27 indicated it was not JCb10, subsequent
barcode sequencing confirmed this colony as JCb6.
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5.4 Genotyping of evolution experiment B

Following confirmation of barcodes from colonies isolated during evolution experiment
B, whole-genome sequencing was performed to characterise their mutational profiles.
This analysis aimed to explore the evolutionary capacity of S. clavuligerus within
industrial media and to compare genotypic differences between dominant (JCb10) and
non-dominant (JCb6) barcoded strains. The five randomly selected colonies identified
as JCb10 were labelled A-E for downstream analysis. The non-dominant colony,

identified as JCb6, was referred to as the rare isolate (JCbh6).

All six evolved strains (A-E and JCb6), along with three reference strains (JCb6, JCb10,
and JCb17 from parental strain stocks), were grown in TSB for 48 hours. Genomic DNA
was extracted and sequenced using the Illumina NovaSeq X Plus platform at PE150
(Novogene UK). Mutations were identified using the Breseq pipeline (Deatherage and
Barrick, 2014), with comparisons made against the S. clavuligerus SC6 reference
genome (BioProject PRINA1127551) . Mutations present in the reference barcoded
strains were used as a background control for subsequent analyses due to the presence
of SNP mutations within the chromosome and pSCL4 of the parental barcoded strains
compared to the SC6 reference genome. Although all work was carried out with S.
clavuligerus SC6, transcriptomic data were mapped to the SC2 annotated genome
(BioProject PRINA1127551) because this reference provides more complete annotation
while still containing all genes present in SC6. As a result, all transcript identifiers are

presented as SC2 locus tags throughout the following section.

A complete deletion of plasmid pSCL3 was observed in four of the five dominantisolates
(B-E) and in the rare (JCb6) strain. In addition, three non-synonymous mutations were
consistently found across all dominant isolates (A-E; Table 5.1). These affected genes

include an ATP-binding protein (SCLAV SC2 10490, (TGCGGGG)2~>1), responsible for the
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use of ATP to power ABC transport proteins (Baichwal et al., 1993). Another non-
synonymous mutation is to a bifunctional diguanylate cyclase/phosphodiesterase
(SCLAV SC2 21505, A5 bp), animportant gene in the regulation of the global regulator ci-
di GMP, of which knockout strains have shown to have an increased life-cycle and a
reduced secondary metabolism (Gallagher et al., 2024; Nesbitt et al., 2015). The final
non-synonymous mutation was seen in a zinc metalloprotease HtpX (SCLAV SC2 17525,
58 bp~>T), which is a heat shock protein that has implications in membrane protein
folding and assemblies (Dalbey et al., 2012). All three mutations were located on the
chromosome and were assumed to cause a complete loss of function. Four additional

mutations were detected in individual dominant isolates:

Strain B: a homopolymer deletion, (G)10~9, in a non-coding chromosomal
region. The homopolymer starts 6bp downstream of the ABC transporter protein
(SCLAV SC2 16920), potentially affecting transcription.

e Strain C: a homopolymer deletion, (G)10~>9, within a CHAT domain-containing
protein on pSCL4 (SCLAV SC2 00150). Resulting in a nonsense mutation of a
protein with an unknown function.

e Strain D: a substitution (C>G, Asp~>Glu) in a tetratricopeptide repeat protein on
pSCL2 (SCLAV SC2 28310), which itself may play a role in protein-protein
interactions (Cerveny et al., 2013).

e Strain E: a substitution, G>A, in a non-coding region on pSCL2. The substitution

occurs within the ‘right hand’ telomere of pSCL2.

The rare JCb6 isolate also carried a deletion of the 455.3 kb plasmid pSCL3, along with a
tandem repeat expansion, (GCTGCG)8-9, in a non-coding chromosomal region. This

expansion occurs 46bp upstream of a 3-oxoacyl-ACP reductase but 111bp downstream
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of a Zn dependent alcohol dehydrogenase. The final mutation is a synonymous
substitution, C~T, in a serine/threonine protein kinase (SCLAV SC2 14025; Table 5.1).
Compared to the dominant isolates, the JCb6 genome contained fewer mutations and

no shared alterations with strains A-E beyond the loss of pSCL3.

Although the mutations observed across the six evolved isolates do not converge on a
single metabolic pathway, they are broadly associated with regulation, developmental,
and stress response functions. No mutations are directly implicated in primary

metabolism.

189



Table 5.1. Mutations detected in genomes of parental, dominant, and rare strains
after evolution. Five colonies of the evolution experiment B JCb10 (dominant strain),
one colony of evolution experiment B JCb6 (rare strain), and three parental strains were
grown in TSB for 48 hours. Genomic DNA was extracted and sequenced, and Breseq was
used to identify mutations relative to the parental genome. Unique mutations were
detected in most evolved strains.

Replicon Position Mutation Gene Presentin
Dominant strain (JCb10)
Chrm 2,376,315 (TGCGGGG)2~1 ATP binding protein All
Bifunctional diguanylate

Chrm 4,925,454 A5 bp cyclase/ All
phosphodiesterase

Chrm 4,005,502 58 bp->T Zinc mettaloprotease All

pSCI3 1 0A44,894 bp - B,C,D,E

Chrm 3,862,021 (G)10~>9 Non-coding B

pSCl4 876,194 (G)10-9 CHAT domain c
containing protein

pSCL2 82,985 CsG Tetratricopept'ide repeat D

protein
pSCL2 149,351 G->A Non-coding E
Rare strain (JCh6)
Chrm 1,638,383 (GCTGCG)8~»9 Non-coding -
Chrm 3,209,793 CoT Serine/threonine protein i
kinase (synonymous)
pSCL3 1 A444,894 bp - -
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Following the identification of a pSCL3 deletion in multiple evolved isolates, the
presence and relative copy number of all four plasmids were assessed across
sequenced strains. Plasmid content was investigated due to the known variability of
plasmid copy number in S. clavuligerus and their role in biosynthetic gene cluster (BGC)

carriage (Gomez-Escribano et al., 2021; Medema et al., 2010).

Illumina reads from parental strains (JCb6, JCb10, JCb17), dominant isolates (A-E), and
the rare JCb6 isolate were mapped to the SC6 reference chromosome and plasmids
using Bowtie2 (Langmead and Salzberg, 2012). Average coverage, including zero-
coverage bases, were calculated for each replicon using Bedtools (Quinlan and Hall,
2010), and plasmid coverage was normalised to chromosomal coverage. Normalised
plasmid copy numbers were plotted using the average of the three parental strains as a

reference (Figure 5.5).

Consistent with the breseq results, strains B-E and the rare isolate showed near-
complete loss of pSCL3. Although normalised coverage in these strains was not exactly
zero (0.022 x), inspection with JBrowse (Diesh et al., 2023) revealed that mapped reads
within these strains originated from pSCL3 orthologues present on the chromosome,
confirming true loss of the plasmid. Strain Aretained pSCL3 with a normalised coverage
of 0.88 x, also consistent with breseq output. JBrowse analysis confirmed low but even
coverage across the entire pSCL3 replicon in strain A, indicating retention at reduced

copy number compared to the parental average (1.56 x)

Coverage of pSCL4 remained relatively stable across all strains. The parental strains had
an average normalised coverage of 1.25x, compared to 0.98x in dominant strains and

1.20x in the rare strain.
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The greatest variability in coverage between strains was observed for pSCL1. Normalised
coverage averaged 6.63 x in parental strains, 3.90 x in dominant strains, and 7.38 x in the
rare strain. Among dominant isolates, individual values ranged from 2.18 x (strain E) to

4.78 x (strain A).

pSCL2 displayed a consistent reduction in copy number across all evolved strains.
Parental strains had an average normalised coverage of 9.63 x, compared to 3.27 x in

dominant strains and 5.47 x in the rare strain.

To confirm that coverage drops were not due to structural variation, JBrowse was used to
visualise coverage across pSCL1, pSCL2, and pSCL4. No large deletions or new
junctions were detected in any strain, supporting the breseq result that no structural

plasmid changes occurred beyond pSCL3 loss.
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Figure 5.5. Plasmid copy number in parental, dominant, and rare strains after
evolution. Five colonies of the evolution experiment B JCb10 (dominant strain), one
colony of experiment B JCb6 (rare strain), and three parental strains were grown in TSB
for 48 hours. Genomic DNA was extracted and sequenced, and plasmid-to-
chromosome coverage ratios were calculated for pSCL1-4. Error bars on parental values
represent standard deviation across the three replicates. In the dominant strain, all but
one colony lost pSCL3 entirely. Levels of pSCL4 remained comparable to the parental
strain, pSCL2 levels differed among groups, and pSCL1 levels were variable.
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In addition to analysing plasmid content and structural variation, the potential
circularisation of the chromosome was investigated. Previous work demonstrated that
Cas9-mediated loss of pSCL4 in S. clavuligerus DSM738 was associated with
chromosomal circularisation, potentially due to loss of the terminal proteins Tap-Tpg4
(Mohit, 2023). While loss of pSCL3 alone was not sufficient to cause circularisation in
the previous study, it was proposed that cumulative loss of multiple tap-tpg loci could
disrupt end-patching and lead to circularisation (Mohit, 2023). Given that the current
study was performed in S. clavuligerus SC6, an industrial derivative, it was important to
assess whether plasmid loss and reduced copy number might also cause chromosomal

circularisation in this background.

Although no novel chromosomal junctions were identified by Breseq, three independent
approaches were used to assess potential circularisation. First, a circularised version of
the SC6 genome was generated in SnapGene, and a 50 bp sequence spanning the
artificial chromosomal junction was extracted. This sequence was then queried against
raw FASTQ reads from all sequenced strains using SeqlO.parse in BioPython (using the
code available at https://github.com/jamescroxford/Bar-seq). No matches to the

bridging sequence were detected.

Second, a 1.3 kb circular junction sequence was extracted from the SnapGene
circularised genome and saved as a FASTA file (https://github.com/jamescroxford/Bar-
seq). Reads from all sequenced strains were mapped to this region using Bowtie2, and
the resulting BAM files were visualised in JBrowse. No reads mapped to the junction-
spanning region, without mismatched mapping. Reads from both dominant strain E and
the strain still possessing pSCL3 (A) were compared against each other. Read mapping

did not differ between the two strains, again supporting the absence of circularisation.
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Finally, a PCR-based assay was performed using primers designed to bind 500 bp
upstream and downstream of the linear chromosomal ends. If the chromosome were
circularised, these primers would amplify a 1 kb product, as previously described (Mohit,
2023). No amplification was observed in any strain, further confirming that the
chromosome remained linear throughout the evolution experiment. No positive control
was possible for this PCR reaction due to the lack of a strain containing a circularised

chromosome.

5.5 Transcriptomic analysis of evolution experiment B

To investigate transcriptional changes associated with strain adaptation, RNA-seq was
performed on the parental (JCb10), a representative dominant isolate (E), and the rare
strain (JCb6). All strains were grown in TSB for 48 hours using the Cell Growth Quantifier
to determine log and stationary phases. Following growth phase determination, each
strain was regrown in triplicate and RNA was extracted at both timepoints. Libraries were
created using an rRNA depletion approach and sequenced using the Illumina NovaSeq

X Plus platform at PE150 (Novogene, UK).

Differential gene expression analysis was conducted using DESeq2, with log, fold
change (log2FC) values based on triplicate means. Nine pairwise comparisons were
performed, covering intra-strain growth phase transitions, dominant vs. parental,
dominant vs. rare, and rare vs. parental comparisons. Principal component analysis
(PCA) on normalised gene expression confirmed clear clustering by condition, with
biological replicates grouping closely and no clear outliers observed. Volcano plots were
generated for each comparison (Figures 5.6 to 5.9). All annotated genes were used for

analysis, and the 30 most significant differentially expressed genes (DEGs) (i.e. lowest
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adjusted p-values) were manually annotated via BLAST where required. Functional
patterns were identified across core metabolism, sulphur assimilation, membrane-

associated uptake, stress responses, and regulatory proteins.

After analysing the transcripts, it was found that parental JCb10 maintained higher
expression of genes associated with primary metabolism compared with the dominant
strain E. Key glycolytic and pyruvate pathway enzymes were upregulated in JCb10 during
both exponential and stationary phases. For example, genes involved in the commitment
of pyruvate utilisation showed differing expression levels. Pyruvate phosphate dikinase
(SCLAV_SC2_08115) showed log2FC = +2.67 (padj = 4.8x107%), and the pyruvate
dehydrogenase E2 component (SCLAV_SC2_14435) had alog2FC =+1.84 (padj = 1.3x10"
27. Minges et al., 2017; Song and Jordan, 2012). Several NADH-quinone oxidoreductase
subunits (SCLAV_SC2_17335/17340/17360/17365/17370), important for the oxidation
of NADH to NAD+ (Spero et al., 2015), were more strongly expressed in JCb10 (log2FC =
+1.7 to +2.6, padj < 10%°). ATP synthase subunits (SCLAV_SC2_20745-20775) were also
more strongly expressed (log2FC = +2.0, padj < 107°). These results indicate that JCb10
sustains stronger flux through primary metabolism, while E shows downregulation of

genes involved with primary metabolism.

Sulphur-associated pathways were also downregulated in the two evolved strains. In
stationary phase, JCb10 expressed sulfite reductase, an enzyme that catalyse the
reduction of sulfite to sulfide, enabling the assimilation of sulfate into amino acids and
other sulfur-containing molecules (Fischer et al., 2012; SCLAV_SC2_23930) at much
higher levels (log2FC = +5.01, padj = 1.4x102*' vs. E). Thiosulfate sulfurtransferase
(SCLAV_SC2_15495) and adenylyl-sulfate kinase (SCLAV_SC2_23915) showed similar

differences (log2FC = +4.2, -4.8, padj < 102%). These two genes are also associated with
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the assimilation and trafficking of sulphate (Lee et al., 2023; Luo et al., 2025) . Together
these results point to strongly reduced levels of sulfur assimilation and thiol redox

metabolism in dominant strain E relative to the parental strain.

Additionally, membrane transporter expression was different between strains. Parental
JCb10 had increased levels of the important antioxidant glutathione and nitrate import
gene transcripts. For example, the glutathione importer ATPase GsiA
(SCLAV_SC2_19655) was strongly upregulated (log2FC = +6.05, padj < 102),
demonstrating an increased import of glutathione (Wang et al., 2017). The nitrate
permease NrtD (Llarena et al., 2006; SCLAV_SC2_34030) also has increased levels of
transcripts (log2FC = +4.2, padj < 107?). However, strain E upregulated several amino
acid transporters. The cystine permease TcyB (SCLAV_SC2_09535) and ABC transporter
responsible for the import of some amino acids YxeN (SCLAV_SC2_09540) were more
highly expressed in E (log2FC = -4.3 to -6.2, padj < 10%°). This points towards a general

change in membrane transporters within the two evolved strains.

Stress-associated genes were generally downregulated in the evolved strains also. An
amino-acid efflux pump, known to remove excess or toxic amino acids (Gaurav et al.,
2023; SCLAV_SC2_20380) showed log2FC = +5.23 (padj = 1.4x10""%in stationary phase).
Additionally, a daunorubicin/doxorubicin resistance ABC transporter
(SCLAV_SC2_13555) was also more strongly expressed in JCb10 (log2FC = +2.99, padj =
1.3x1078). The daunorubicin and doxorubicin associated efflux pump has broad
substrate specific for potentially harmful compounds in Streptomyces (Li et al., 2014).
These patterns indicate reduced levels of stress associated genes and efflux pumps in

evolved strains, especially E.
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A change in global regulators was also seen. In exponential phase, strain E expressed
WhiB, a transcription factor important for the progression of Streptomyces sporulation
and cell division (Lilic et al., 2023) at higher levels (SCLAV_SC2_19225, log2FC = -3.93,
padj = 2.1x10%?). The regulator SigF, also important for spore development (Homerova
et al., 2000) was also more highly expressed in E (SCLAV_SC2_03350, log2FC = -3.64,
padj = 3.8x10?") relative to JCb10. However, parental JCb10 had higher levels of
housekeeping and stationary regulators such as SigA, the principal sigma factor of RNA
polymerase (Gomez et al., 1998; SCLAV_SC2_22915, log2FC = +1.69, padj = 8.7x10%)
and the sigma factor Sig) (SCLAV_SC2_11425, log2FC = +1.34, padj = 9.6x10™"). These
shifts suggest strain E has an altered global regulatory system, while JCb10 has a broader

transcriptional profile as would be expected.

The CA gene cluster showed the starkest differences in transcription levels. In stationary
phase, JCb10 expressed clavaminate synthase 2 (SCLAV_SC2_20420) and
proclavaminate amidinohydrolase (SCLAV_SC2_20425) at extremely high levels
compared to strain E (log2FC = +7.5 and +6.9, padj ~ 0), along with other genes
responsible for the biosynthesis of CA. The same was seen in exponential phase, though
at reduced levels (log2FC +1.6, padj = 0.026 of clavaminate synthase 2 for example). In
comparisons with the rare strain (JCb6), expression was consistently higherinJCb10 and
JCb6 relative to E (log2FC = +6.5-7.0, padj < 10 of clavaminate synthase 2 for example).
Growth-phase transitions highlighted further differences in expression levels. JCb10
displayed strong induction of CA genes in stationary phase (e.g. SCLAV_SC2_20420
log2FC = -5.96, padj = 2.0x10??i.e. stationary > exponential), whereas strains E and JCb6

showed little to no growth-phase differences.
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The expression of genes with previously identified mutations using Breseq (section 5.3)

within dominant strain E and rare strain JCb6 was also assessed during stationary phase

growth, compared to the parental strain. The four mutated loci were analysed: ATP-

binding protein (E), bifunctional diguanylate cyclase/phosphodiesterase (E), zinc

metalloprotease phosphatase (E), and serine/threonine kinase (JCb6).

ATP-binding protein (SCLAV SC2 10490, (TGCGGGG)2~>1): an increased
expression within the evolved strain despite a presumed loss of function within
the gene (log2FC 2.03, padj 1.38 x 10°2). Neighbouring genes also show an
increased transcription within the evolved strains (SCLAV_SC2_1047 log2FC
1.84, SCLAV_SC2_ 10480 log2FC 4.55, SCLAV_SC2_10485 log2FC 5.16,
SCLAV_SC2_10500 log2FC 1.21). This data suggests a likely operon induction as
compensation for a non-functional transporter.

Diguanylate cyclase/phosphodiesterase (SCLAV SC2 21505, A5 bp): No
differential gene expression detected

Zinc metalloprotease (SCLAV SC2 17525, 58 bp~T): an increased expression
within the evolved strain despite a presumed loss of function within the gene
(log2FC 1.48, padj 9.43 x 10). Neighbouring genes also show increased
transcription within the evolved strains (SCLAV_SC2_17525 log2FC 1.48,
SCLAV_SC2_17530 log2FC 1.74), indicating co-induction of the htpX-yccF
locus. This pattern suggests activation of an envelope stress regulon, likely as
compensation for the non-functional HtpX protease caused by the 58 bp
deletion.

Serine/threonine kinase (SCLAV SC2 14025, C~T, synonymous): No differential

gene expression detected

199



In the comparison between the dominant strain (E) and the rare strain (JCb6), a clear
difference was observed between growth phases. During exponential growth, 1,773
DEGs were identified, with a balanced distribution of up- and downregulated genes
(49.7% and 50.3%, respectively). In contrast, during stationary phase, the total number
of DEGs fell to 1,437, but the proportion of upregulated genes increased to 56.7% (Table
5.2). This indicates that while fewer genes were differentially expressed overall in

stationary phase, a larger share of these were activated rather than repressed.

200



JCb10

(WT)
®
g
Rare strain
(JChe6)
e
Dominantaxc
strain §F’
(Jcb10) '

1504

200 1

150 1

100 4

2004

1004

Logs, fold change

total = 6718 variables

0
Log; fold change

total = 6718 variables

Figure 5.6. Differential transcript expression between stationary and exponential
phases in parental, dominant, and rare strains. S. clavuligerus SC6 (parental),
evolution experiment B colony E (dominant), and evolution experiment B JCb6 (rare)
were grown in TSB for 48 hours. Growth phases were determined using a cell growth
quantifier. RNA was extracted at both exponential and stationary phases and
sequenced. Volcano plots show log, fold change versus p value for each transcript.
Points are coloured as follows: grey = not significant, green = significant log, fold change
only, blue = significant p value only, red = significant for both log, fold change and p value.
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Figure 5.7. Differential transcript expression between parental and dominant
strains in stationary and exponential phases. S. clavuligerus SC6 (parental) and
evolution experiment B colony E (dominant) were grown in TSB for 48 hours. Growth
phases were determined using a cell growth quantifier. RNA was extracted at both
exponential and stationary phases and sequenced. Volcano plots compare transcript
expression between parental and dominant strains during (A) exponential and (B)
stationary phases. Transcripts highlighted within the circle correspond to genes located
on pSCL3, which is lost in the dominant strain. Points are coloured as follows: grey = not
significant, green = significant log, fold change only, blue = significant P value only, red =
significant for both log, fold change and P value.
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Figure 5.8. Differential transcript expression between dominant and rare strains in
stationary and exponential phases. Evolution experiment B colony E (dominant) and
evolution experiment B JCb6 (rare) were grown in TSB for 48 hours. Growth phases were
determined using a cell growth quantifier. RNA was extracted at both exponential and
stationary phases and sequenced. Volcano plots compare transcript expression
between dominant and rare strains during (A) exponential and (B) stationary phases.
Points are coloured as follows: grey = not significant, green = significant log, fold change
only, blue = significant P value only, red = significant for both log, fold change and P value.
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Figure 5.9. Differential transcript expression between parental and rare strains in
stationary and exponential phases. S. clavuligerus SC6 (parental) and evolution
experiment B JCb6 (rare) were grown in TSB for 48 hours. Growth phases were
determined using a cell growth quantifier. RNA was extracted at both exponential and
stationary phases and sequenced. Volcano plots compare transcript expression
between parental and rare strains during (A) exponential and (B) stationary phases.
Transcripts highlighted within the circle correspond to genes located on pSCL3, which is
lost in the dominant strain. Points are coloured as follows: grey = not significant, green =
significant log, fold change only, blue = significant P value only, red = significant for both
log, fold change and P value.

204



Table 5.2. Percentage of differentially expressed genes (DEGs) up- and
downregulated across all pairwise comparisons and growth phases. DEGs were
identified using DESeq2 with an adjusted p-value threshold of £0.05. Each comparison
shows the proportion of DEGs that were upregulated and downregulated. Comparisons
are grouped by strain and growth phase.

Combarison Growth Total % %
P phase DEGs Upregulated Downregulated
Parental strain Stationary vs
(JCb10) exponential 2180 40.8 59.2
Dominant strain Statlonaryvs 1053 45.4 54.6
(E) exponential
Rare (JCb6) Stationaryvs | g, 34.9 65.1
exponential
Domi Exponential 2333 57.0 43.0
ominant vs.
Parental Stationary 1901 69.5 30.5
Domi Exponential 1773 49.7 50.3
ominant vs.
Rare Stationary 1437 56.7 43.3
Exponential 1539 47.6 52.4
Parental vs. Rare
Stationary 502 1.0 99.0
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5.6 Phenotypic analysis of evolution experiment B

Given that both genomic and transcriptomic differences were observed between
evolved and parental strains, as well as between dominant and rare strains after
experimental evolution, phenotypic analyses were carried out to determine whether
these differences translated into measurable phenotypic changes, allowing the link

between genotype and phenotype.

As transcriptomic data indicated changes in central carbon metabolism, carbon
catabolite repression was investigated. This was based on previous findings that loss of
carbon catabolite repression in some Streptomyces strains enabled the use of the
otherwise toxic 2-deoxyglucose as a carbon source (Hodgson, 1982). To test this, S.
clavuligerus DSM738, SC2, SC6, and all evolved strains were plated on minimal medium
agar containing 2-deoxyglucose as the sole carbon source. After 10 days, no growth was
observed on any plate, indicating that glucose repression and sensing mechanisms
remained intact in the evolved strains due to the fact all tested strains grew on agars

containing a standard carbon source (e.g. L3M9 agar).

In addition to investigating the carbon catabolite repression within evolved strains, the
CA yield within evolved strains was also investigated. This was because while no
mutations were identified within the genomes of evolved strains, transcriptomic data
suggests that CA genes are downregulated after adaptation. Assessing the levels of CA
yield would therefore aid in linking the genotype to the phenotype of these strains. The
five dominant strains (A to E), rare (JCb6) strain and parental strain JCb10 were all grown
for 48 hours in 50 mL TSB. After 48 hours the clavulanic acid titre was calculated and

normalised to dry weight, the data were plotted (Figure 5.10).
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The mean CAtitre for the parental strain was 14.01 pg/mg cell dry weight. This compares
to a mean titre of 9.60 and 13.08 pg/mg cell dry weight for the five dominant and rare
strains respectively, representing a reduction in CA production in all evolved strains. The
CA yield of dominant strain A was investigated to explore if the retention of pSCLS3,
compared to other dominant strains (B to E), affected the production of CA. The CAyield
of strain Awas 12.61 ug/mg cell dry weight, whereas the average CA yield of strains B to

E was 8.85 pyg/mg cell dry weight.

Statistical tests were then performed between groups. An ANOVA detected significant
differences between groups (p = 3.67 x 10%). Among dominant strain isolates, CA titre
also varied significantly. For example, a Mann Whitney test returned p = 0.0026 between
colonies C and A. When grouped, dominant colonies showed significantly lower CA
titres than both parental and rare strains (p = 0.0039 and p = 0.0213 respectively), while

no difference were observed between parental and rare strains (p = 0.8141).
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Figure 5.10. Clavulanic acid titre in parental, dominant, and rare strains after
evolution. Five colonies of the evolution experiment B JCb10 (dominant strain), one
colony of evolution experiment B JCb6 (rare strain), and a parental strain were grown in
TSB for 48 hours, and clavulanic acid (CA) titre was measured. ANOVA detected
significant differences between groups (p=3.67x 1 0'5). Among dominant strain isolates,
CA titre also varied significantly (Mann-Whitney p = 0.0026 between colonies C and A).
When grouped, dominant colonies showed significantly lower CA titres than both
parental and rare strains (p = 0.0039 and p = 0.0213, respectively), while no difference
was observed between parental and rare (p = 0.8141). Average CA titres were 14.00,
13.08, and 9.60 pyg/mL for parental, rare, and grouped dominant strains, respectively.
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In addition to investigating carbon catabolite repression and CA yield within evolved
strains, the central carbon metabolism of evolved strains was further investigated. This
is because, like CA production, while no genomic mutations had occurred within central
carbon metabolism genes, transcriptomic data suggest alterations in the transcription
levels within several key genes. Additionally, an increased level of central carbon
metabolism would suggest a diversion of flux away from secondary metabolite
production towards primary metabolism and growth. G6PDH represents a branch point
in metabolism between glycolysis and the pentose phosphate pathway (Stincone et al.,
2015) and in Streptomyces there are generally two parologous proteins found in the
genome (Schniete et al., 2018). It has been demonstrated that these are differentially
expressed (Schniete et al., 2020) and their activity can affect antibiotic production
(Butler et al., 2002). To investigate this, the five dominant strains (A to E), rare (JCb6)
strain and parental JCb10 were all grown for 48 hours in 50 mL TSB. After 48 hours a
Glucose 6 Phosphate Dehydrogenase Activity Assay Kit (Fluorometric, Abcam) was used
to assess the activity of glucose 6 phosphate dehydrogenase (G6PDH). The levels of
G6PDH activity were normalised to the total protein concentration (using a Bradford

assay) within each sample as recommended by the manufacturer.

A high level of variability between all samples was observed (Figure 5.11). For example,
arange of 17.84 nmol/min/mL/mg total protein was observed between dominant strains
D (35.97 nmol/min/mL/mg total protein) and A (18.13 nmol/min/mL/mg total protein). It
is also notable that dominant colony A, previously noted for its retention of pSCL3 and
high production of CA, also had the lowest level of GGPDH activity within the dominant
strains. While dominant strain A had a G6PDH activity of 18.13 nmol/min/mL/mg total
protein, the average activity of dominant strains B to E was 26.94 nmol/min/mL/mg total

protein.
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The average G6PDH activity of the parental strain, dominant (A to E) and rare (JCb6)
strains was 13.24, 25.18 and 16.33 nmol/min/mL/mg total protein respectively,

representing an increase in G6PDH activity in evolved strains.

Statistical analysis was performed between groups. An ANOVA indicated significant
differences between groups (p = 5.1 x 107%). Among dominant strain isolates, GGPDH
activity also varied significantly. For example, a Mann Whitney test returned a p value <
0.0001 between colonies D and A. When grouped, dominant colonies differed
significantly from both rare and parental (p = 0.036 and 0.0003 respectively). However,
little statistical difference was observed between rare and parental strains (P = 0.685).
These results are consistent with GE6PDH activity found within the literature of ~20

nmol/min/mL/mg total protein (Obanye et al., 1996).

Additionally, transcript levels of the zwf gene, which encodes glucose-6-phosphate
dehydrogenase (G6PDH) and is a key regulator of PPP flux and NADPH generation
(Sandoval et al., 2011; Spaans et al., 2015), were examined. The zwf sequence from
Streptomyces avermitilis (WP_010987713.1) was used as a representative query and
aligned by BLAST (Altschul et al., 1990) against the S. clavuligerus SC2 annotated
genome. This identified SCLAV_SC2_05510, annotated as glucose-6-phosphate 1-
dehydrogenase 2, as the orthologous zwf gene. Transcriptomic analysis in stationary
phase showed no significant differential expression of this gene between the parental

strain and the dominant isolate (E), nor between the parental and the rare isolate (JCb6).
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Figure 5.11. Glucose-6-phosphate dehydrogenase activity in parental, dominant,
and rare strains after evolution. Five colonies of the evolution experiment B JCb10
(dominant strain), one colony of evolution experiment B JCb6 (rare strain), and the
parental strain were grown in TSB for 48 hours, and G6PDH activity was measured and
normalised to total protein concentration (Bradford assay). ANOVA indicated significant
differences between groups (p = 5.1 x 107"%). Among dominant strain isolates, GGPDH
activity also varied significantly (Mann-Whitney P < 0.0001 between colonies D and A).
When grouped, dominant colonies differed significantly from both rare and parental
strains (p = 0.036 and 0.0003, respectively), while no difference was observed between
rare and parental strains (p = 0.685). Average G6PDH activities were 25.18, 16.33, and
13.24 for dominant, rare and parental strains, respectively.
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In addition to investigating carbon catabolite repression, CA yield, and G6PDH activity,
the specific growth rate (u) of all strains was measured. The five dominant strains (A-E),
the rare (JCb6) strain, and the parental JCb10 were grown in 50 mL TSB for 48 hours, with
backscatter measured continuously using the aquilabiolabs Cell Growth Quantifier
(Figure 5.12). This allowed for calculation of specific growth rate (p) based on the

exponential phase of each growth curve (Table 5.2).

The specific growth rates of all evolved strains were significantly lower than that of the
parental. The average p for parental strain, dominant, and rare strains were 0.0079 h”,
0.0031 h™, and 0.0046 h™' respectively. ANOVA indicated significant differences between
groups (p = 5.35 x 10%). Within dominant strains, inter-isolate variation was low, the
largest pairwise Mann-Whitney p value was 0.141 (colonies B vs. D). When grouped,
dominant strains differed significantly from both parental (p < 0.001) and rare strains (p

=0.0007).

Given that other phenotyping results suggest strain A is an outlier, its y was compared to
the average of strains B-E. While A did not have the lowest p overall, its value (0.0026 h"

") was lower than the mean of the other dominant strains (0.0032 h™).
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Figure 5.12. Specific growth rates of parental, dominant, and rare strains after
evolution. Five colonies of the evolution experiment B JCb10 (dominant strain), one
colony of evolution experiment B JCb6 (rare strain), and a parental strain were grown in
TSB for 48 hours. Backscatter was measured using a cell growth quantifier to calculate
specific growth rates. ANOVA indicated significant differences between groups (p =5.35
x 107°). Average specific growth rates were 0.0031, 0.0046, and 0.0079 h™" for dominant,
rare, and parental strains, respectively. Variation among dominant strain isolates was
minor (largest Mann-Whitney p = 0.141 between colonies B and D). When grouped,
dominant strains differed significantly from both rare and parental strains (p <0.001 and
p = 0.0007, respectively).
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Table 5.2. Specific growth rates of parental, dominant, and rare strains after
evolution. Specific growth rates (u) of individual and grouped evolved strains are
summarised. The loss of pSCL3 in strain A did not improve y compared to other
dominant strains (B-E).

Strain(s) p (hM)

B-E 0.0032

A 0.0025
Alldominant (A - E) 0.0031
Rare (JCb6) 0.0046
SC6 0.0079
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In addition to investigating carbon catabolite repression, CA yield, G6PDH activity, and
specific growth rate within evolved strains, pellet morphology in liquid culture was
examined to assess whether adaptation had altered pellet size. Although qualitative
observations during the evolution experiment in CM5 medium indicated an absence of
pellet formation at all timepoints, this was investigated further. Pellet formation is a
known trait of Streptomyces strains, often associated with reduced antibiotic production

(Nieminen et al., 2013b; van Dissel et al., 2015).

The five dominant strains (A-E) and parental JCb10 were grown in 50 mL TSB for 48 hours
before imaging by phase-contrast microscopy. One representative image (containing
multiple cell aggregates) was selected for each strain (Figure 5.13). Evolved strains
showed visibly larger pellets compared to the parental strain, which warranted

quantitative analysis.

Hyphae could be seen extending from the edges of all pellets, consistent with
Streptomyces morphology in liquid culture (Paul and Thomas, 1998). No obvious outliers
were noted among samples. Some pellets were larger or showed unassociated hyphae,
but no strain appeared morphologically distinct from others. Quantitative assessment of

pellet diameter was therefore performed.

Image) (Schneider et al., 2012) was used to measure pellet diameters (Figure 5.14).
Parental JCb10 showed the smallest average pellet diameter (128 pm), while dominant
strains exhibited an average 8.6-fold increase. ANOVA confirmed significant differences
between groups (P = 1.09 x 10*), and variation among dominant strains was also
significant (e.g. Mann-Whitney P = 0.0002 between colonies A and D). Average pellet

diameters for colonies A-E were 1005, 980, 1154, 1186, and 1127 um, respectively.
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Dominant strain A, consistent with previous phenotypic assays, had a smaller average

pellet size (1005.15 pm) than the average of strains B-E (1126.59 pm).

It is important to note that all pellet morphology and phenotypic measurements were
performed after growth in TSB, not CM5, the medium used during the evolution
experiment. This was due to the inability to isolate and regrow individual pellets once
removed from culture and placed onto slides. Nonetheless, the consistent differences
observed between groups, and the identification of outliers such as strain A, suggest that

evolved phenotypic traits persist across growth conditions.
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Figure 5.13. Pellet morphology of parental and dominant strains after experimental
evolution. Five colonies of the evolution experiment B JCb10 (dominant strain) and a
parental strain were grown in TSB for 48 hours. Pellets were imaged by phase contrast
microscopy, and one representative image is shown for each strain.
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Figure 5.14. Pellet size quantification of parental and dominant strains after
evolution. Pellets from parental S. clavuligerus and five evolution experiment B JCb10
(dominant strain) colonies were imaged by phase contrast microscopy, and diameters
were measured using Imagel. The parental strain displayed the smallest average
diameter (128 pm), while the dominant strains showed an average 8.6-fold increase.
ANOVA confirmed significant differences between groups (p = 1.09 x 10™*%). Significant
variation was also observed among dominant strain isolates (Mann-Whitney P = 0.0002
between colonies A and D). Average pellet diameters for colonies A-E were 1005, 980,
1154, 1186, and 1127 um, respectively.
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5.7 Competition of evolved strains

After observing phenotypic differences between evolved and parental strains, including
CA vyield, G6PDH activity, p, and pellet morphology, a key remaining question was
whether the evolved strains were in fact adapted to CM5 medium. This question was
especially relevant given that parental JCb10 remained dominant in evolution

experiment B but only had modest changes in phenotype.

To directly assess fitness, a competition assay using Bar-seq was performed between
the dominant experimental evolution isolate E (selected due to its representative
genomic mutation profile) and the parental strain S. clavuligerus SC6 pSET152 JCb20
(chosen arbitrarily). Both strains were grown separately in 50 mL TSB for 48 hours. They
were then mixed in ratios of 25:75, 50:50, and 75:25 according to their ODggo. These
mixtures were used to inoculate fresh 50 mL cultures of both TSB and CM5, each in
triplicate, using the same inoculum across all 18 flasks. Cultures were grown for an
additional seven days. Genomic DNA was extracted at timepoints 0 and 168 hours, and

the relative abundance of each strain was determined (Figure 5.15).

Sequencing of the initial mixtures revealed that the parental strain (JCb20) represented
41.78%, 59.40%, and 77.18% in the 25:75, 50:50, and 75:25 input ratios, respectively.
While these did not precisely match the intended ratios, they were deemed sufficient to

assess competitive dynamics over time.

The results clearly showed that the parental strain outcompeted the evolved strainin TSB
across all replicates, with parental strain occupying >95.7% of the final population after
168 hours. In contrast, the evolved strain outcompeted the parental train in CM5
medium, with the parental representing <17.7% of the final population across replicates.

These findings confirm that adaptation to CM5 medium conferred a selective fitness
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advantage specifically under CM5 growth conditions. A parallel assay with the rare
isolate JCb6 showed the same qualitative pattern, with the parental strain favoured in
TSB and the evolved strain favoured in CM5, although the advantage of JCb6 was weaker

than that of JCb10.

The use of three different mixing ratios allowed determination of the presence of
frequency-dependent selection. Previous studies have shown that fitness advantages
can depend on starting abundance, where certain strains perform better when initially
rare (Ribeck and Lenski, 2015). However, in this case, the relative fitness outcomes were
consistent across all ratios, indicating that the competition was not frequency

dependent.

Having established that the dominant isolate consistently displaced the parental strain
in CM5, a further question was whether this advantage was unique to dominant lineages.
To address this, an equivalent assay was performed using the rare experimental
evolution strain (JCb6) against the parental strain (JCb20). Strains were cultured and
mixed in the same ratios as the previous competition assay. As before, these mixtures
were used to inoculate fresh 50 mL cultures of both TSB and CM5, each in triplicate.
Cultures were incubated for 168 hours, after which genomic DNA was extracted at 0 and

168 hours and the relative abundance of each strain was quantified (Figure 5.16).

Sequencing of the initial inoculum showed that the parental represented 40.27%,
51.05%, and 70.86% of the populations in the 25:75, 50:50, and 75:25 ratios,
respectively. While not precisely matching the intended proportions, these values were

sufficient to evaluate competitive outcomes.

In TSB, the parental strain increased in relative abundance across all starting ratios,

reaching final frequencies of approximately 62%, 77%, and 85% after 120 hours for the
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25:75, 50:50, and 75:25 input ratios, respectively. In CM5, the inverse trend was
observed, with the parental declining to ~21%, 48%, and 65% at the same ratios. These
outcomes parallel those seen with the dominant isolate, with the parental strain
consistently outcompeting the evolved strain in TSB and the evolved strain gaining an
advantage in CM5. As with the previous assay, the results were consistent across starting
frequencies, indicating that competition between JCb6 and JCb20 was not frequency

dependent.
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Figure 5.15. Competitive fithess of evolved and parental strains in TSB and CM5. A
representative dominant evolved strain (S. clavuligerus SC6 pSET152 JCb10 E) was
mixed with parental (S. clavuligerus SC6 pSET152 JCb20) at ODg,, adjusted ratios of
25:75, 50:50, and 75:25 after 48 hours of growth in TSB. These mixtures were used to
inoculate TSB and CM5 in triplicate and grown for a further seven days. Relative barcode
abundances were determined at 168 hours. Error bars represent standard deviation
between triplicates. In TSB, the parental strain dominated (>95.7% at 168 hours), while
in CM5 the evolved strain dominated (<17.7% parental). Competitive outcome was
independent of initial frequency.
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Figure 5.16. Competition between the rare evolved isolate JCb6 and the parental
strain JCb20. Strains were mixed at ODg,, adjusted ratios of 25:75, 50:50, and 75:25 after
48 hours of growth in TSB. These mixtures were used to inoculate TSB and CM5 in
triplicate and grown for a further seven days. Relative barcode abundances were
determined at 168 hours. Error bars represent standard deviation between triplicates. In
TSB, the parental strain increased to ~62-85% across input ratios, whereas in CM5 it
declined to ~21-65%. Competitive outcome was independent of initial frequency.
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5.8 Summary

This chapter set out to explore the evolutionary potential of Streptomyces clavuligerus
strains under industrially relevant fermentation media. Using the barcoded strains
previously shown to be stable in short-term experiments, populations were serially
passaged in CM5 media over 70 days (152 generations). This design aimed to identify
whether sustained growth and nutrient limitation would drive reproducible evolutionary
changes, favour dominance of strains, and ultimately impact industrially relevant

phenotypes such as CA production.

The results revealed substantial divergence between the three biological replicates.
Despite being inoculated from the same starting mixture, the three experiments followed
markedly different trajectories. In fermentation A, strain JCb2 rose in abundance before
being outcompeted by JCb13. In contrast, fermentation B saw a clear and sustained
selective sweep, with JCb10 reaching over 90% relative abundance by day 70.
Fermentation C maintained a more diverse population throughout, with several strains
persisting at moderate abundance. These results indicate that evolutionary outcomes
under these conditions are random, with limited parallelism even across identically

treated populations.

The link between population dynamics and phenotype was also investigated. CA
production declined across all three evolution experiments over time. This decline was
most severe in fermentation B, where strain JCb10 became dominant. This suggests that
the mutations which conferred competitive advantage to JCb10 may have come at a cost
to CA biosynthesis. While selection under these conditions appears to favour faster
growing or more robust variants, these strains are not necessarily the most productive

from an industrial perspective.

224



Whole genome sequencing of isolates from fermentation B identified several parallel
mutations in dominant strains. These included mutations in genes associated with
regulation such as diguanylate cyclase and zinc metalloprotease. These adaptations
may have contributed to the observed dominance of JCb10. Additionally, the loss of
plasmid pSCL3 was seen within both dominant and rare strains within evolution
experiment B. This suggests that pSCL3 deletion alone is not sufficient to drive
adaptation. Importantly, no mutations were found directly in genes involved in primary

metabolism.

However, transcriptomic analysis revealed a more nuanced fine tuning of S. clavuligerus
strains compared to genotypic mutations alone. Across dominant isolates, extensive
changes in gene expression were observed, including many genes linked to primary
metabolism, stress response, and development. This discrepancy between a small
genomic mutational profile compared to a widespread change in transcriptome,
suggests that regulatory tinkering, compared to broad genetic changes is the primary
driver of adaptation in this context. This is consistent with a broader trend observed in
microbial evolution, where adaptation under selective pressure can occur via changes
in global regulatory states or epigenetic mechanisms, rather than direct mutations in

core metabolic genes.

Overall, the use of evolution experiments shows that under conditions mimicking
industrial fermentation, S. clavuligerus populations can and do evolve but not
predictably. Strain dominance is not guaranteed, nor is it always beneficial for
productionyield, asis expected. The data highlight the importance of monitoring not just
genetic changes, but also regulatory and transcriptional responses over time. Adaptive

evolution under industrial conditions may negatively impact secondary metabolite
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production, and even small-scale serial passaging can result in the fixation of strains
with lower yields. These findings also underscore the potential importance of epigenetic
regulation and transcriptional plasticity as key contributors to fithess and adaptability in

S. clavuligerus.

Direct competition assays further confirmed that adaptation to CM5 medium conferred
a selective advantage. Both a dominant evolved isolate (JCb10 E) and a rare isolate
(JCbb6) displaced the parental strain in CM5, whereas the parental strain remained
superior in TSB. Competitive outcomes were consistent across input ratios, indicating
that fitness differences were not frequency dependent. While both isolates showed

adaptation to CM5, the advantage of JCb6 was consistently smaller than that of JCb10.
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Chapter 6 Genotypic and phenotypic characterisation of post-

fermentation strains
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6.1 Introduction

Streptomyces exhibit complex morphological differentiation as part of their life cycle,
with traits such as colony size, pigmentation, and sporulation regulated by
developmental pathways involving the key global regulatory bld and whi genes that often
have pleiotropic effects (Chater, 2001; McCormick and Flardh, 2012). These traits are
tightly linked to secondary metabolism and environmental sensing and are influenced
by both genetic and environmental factors (Holmes et al., 2013; Lawlor et al., 1987). In
industrial contexts, strain morphology can affect fermentation performance, for
example through pellet formation or altered oxygen transfer (Nieminen et al., 2013b; van
Dissel et al., 2015). While this has been explored within the previous chapter over a
longer timescale than is industrially relevant, some genotypic variation has been linked

to its phenotypic outcomes in that work.

Although barcode sequencing allows temporal tracking of strain abundance, it does not
itself capture phenotypic traits that may arise as a consequence of evolutionary
selection in the fermentation conditions. To determine this, further analysis is required
to assess whether any of the strains recovered from different fermentation conditions,
particularly those that emerged as dominant or rare lineages, exhibit distinct
characteristics. This is especially relevant given that phenotypic based screening
remains a widely used tool in strain selection and optimisation in industry. Additionally
further focus must be paid to industrially relevant timescales and volumes for a better

understanding of the industrial production of CA.

In this chapter, strains isolated from various fermentation experiments were replica
plated onto a range of nutrient agars to determine the phenotype of the strains, such as
ability to grow and sporulate on a range of media. This included isolates fromthe 1 L and

7.5 L multistage fermentations, as well as from the evolution experiment presented in
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Chapter 5. Phenotypic traits were compared across strains and growth conditions, and
assessed relative to the isogenic parental strain, S. clavuligerus SC6 stock to determine
the extent to which fermentation conditions influence the genotype and the phenotype
of the strains as they emerge under the conditions they were grown. This analysis also
aimed to evaluate whether morphology could serve as a reliable proxy for strain identity
or performance, and to better understand the baseline variability within fermented

Streptomyces populations.

All experimental work, quantitative analyses (including image-based measurements),
sequencing analysis, and figure preparation in this chapter were performed by James
Croxford. For stirred-tank bioreactor fermentations (>1 L) conducted at GSK, reactor
inoculation, operation, and sample collection were performed by Wei Li Thong and
Alistair Middlemiss (GSK), while James Croxford prepared the inoculum and performed

all downstream sample processing, sequencing, and data analysis.

6.2 Analysis of colony morphology after fermentation

Following completion of fermentations at various timescales and volumes, phenotypic
analyses were carried out to determine whether fermentation conditions influenced the
resulting strain morphology. While the previous chapter focused on linking genotype to
phenotype, further examination was needed to assess how fermentation scale might
affect both in a wider range of conditions. The first step was to evaluate colony

morphology.

Firstly, to further explore the baseline variability within clonal populations, an isogenic
stock of S. clavuligerus SC6 was aliquoted into 48 wells of a 96-well plate and replica

plated onto the agars that had previously supported growth. All plates were incubated
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for 10 days and imaged, with an L3M9 plate shown as an example (Figure 6.1). Even
among this isogenic population, variation in colony size and sporulation was observed.
Some colonies showed sporulation only in the centre of the colony, while others did
not. Similarly, colony outlines varied from smooth and circular to irregular and fanned.
This background level of variability demonstrates that minor morphological variation
between colonies is normal, even in clonal populations, making it difficult to
confidently identify true outliers within the evolved or fermentation derived groups

based on morphology alone.

After, 94 colonies were randomly selected from three fermentations: a 1 L multistage
fermentation (Figure 4.8), a 7.5 L multistage fermentation (Figure 4.14), and the evolution
experiment B from the previous chapter (Figure 5.1B). Each colony was used to inoculate
50 L of 20% glycerol in a 96-well plate using the following layout (left to right, top to

bottom):

e Wells 1 and 96: S. clavuligerus SC6 (parental control)

e Wells 2-16: Evolution experiment B (final timepoint)

e Wells 17-55 and 86-95: 7.5 L multistage fermentation (final timepoint, Figure

4.15 A3)

e Wells 56-84: 1 L multistage fermentation (final timepoint, Figure 4.2 A3)

After inoculation, a microplate replicator (Boekel Scientific) was used to transfer

cultures onto L3M9 agar. Plates were incubated for 10 days before imaging (Figure 6.2).

Clear differences in colony morphology emerged between strains derived from different
fermentation conditions. Colonies from evolution experiment B formed visibly larger

colonies. Those from the 1 L multistage fermentation showed improved sporulation
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compared to colonies from the 7.5 L fermentation. Overall, colony size, pigmentation,
and sporulation patterns varied between groups. However, within each group, most
colonies appeared morphologically consistent, no obvious outliers were observed at
this stage. The presence or absence of such outliers may later help explain whether a

particular strain became dominant or rare within a fermentation.

It is worth noting that colonies 2 and 3 from the evolution experiment B group failed to
grow, along with others observed later. This was attributed to poor inoculation or storage

in the 96-well plate.

Interestingly, even the two SC6 parental strain control colonies (wells 1 and 96) differed
in both size and sporulation, raising further questions about within-strain phenotypic
variability. These differences, as well as potential group outliers, are addressed in more

detail in the following sections.
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Figure 6.1. Colony morphology varies within an isogenic stock of S. clavuligerus
SC6. Anisogenic stock of S. clavuligerus SC6 was aliquoted into 48 colonies and plated
onto L3M9 agar using a replica plater. Plates were incubated for 10 days. Variation in
colony size and sporulation is observed within the isogenic population.

232



Figure 6.2. Colony morphology varies between fermentation conditions. Colonies
from fermentations described in chapters 4 and 5 were replica-plated onto L3M9 agar
and grown for 10 days. Colonies are arranged left to right, top to bottom: (1) SC6; (2-17)
evolution experiment B; (18-56) 7.5 L multistage fermentation; (57-85) 1 L multistage
fermentation; (86-95) 7.5 L multistage fermentation; (96) SC6. Distinct differences in
colony size and morphology are visible between fermentation types.
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To investigate whether outliers existed within groups based on colony morphology, and
to test whether the large differences observed between groups could be reproduced, the
same 96 colonies were replica plated onto a wider range of agars. The aim was to
determine whether differences in nutrient source would accentuate morphological
variability within and between fermentation groups. As Streptomyces are known to grow
on a wide variety of nutrient sources (Hodgson, 2000) and 19 agars containing diverse

carbon, nitrogen and other substrates were selected.

Colonies were grown on all 19 agars for 10 days. Growth was observed on 2xYT, instant
mash agar, GYM (Figure 6.3), ISP4, L3M9, and LB (Figure 6.4), as well as milk agar, R2A,
starch agar (Figure 6.5), and TSB agar (Figure 6.6). No growth occurred on cornmeal agar,

ISP3, ISP7, minimal agar with fructose or glucose, MYM, Sabouraud, MS, or YEME.

Across the media that supported growth, a range of morphologies were observed.
Sporulation was most apparent on L3M9, consistent with this being the medium that the
strains are propagated on as standard. The largest colonies consistently formed on GYM.
In contrast, LB and starch agar produced very small colonies with little visible variation,
likely a result of poor growth that limited phenotypic diversity. While a range of
morphologies were observed across the usable agars, no single colony stood out as a

consistent outlier within its group across all conditions.
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Figure 6.3. Colony morphology of fermented strains on 2xYT, instant mash, and GYM
agars. Colonies selected by replica plating from different fermentations were
transferred to 2xYT, instant mash, and GYM agars and grown for 10 days. Colonies are

arranged in the same layout as previously described. Variation in colony size and
sporulation is observed between strains and agars.
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Figure 6.4. Colony morphology of fermented strains on ISP4, L3M9, and LB agars.
Colonies selected by replica plating from different fermentations were transferred to
ISP4, L3M9, and LB agars and grown for 10 days. Colonies are arranged in the same

layout as previously described. Variation in colony size and sporulation is observed
between strains and agars.
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Fig 6.5. Colony morphology of fermented strains on milk, R2A, and starch agars.
Colonies selected by replica plating from different fermentations were transferred to
milk, R2A, and starch agars and grown for 10 days. Colonies are arranged in the same

layout as previously described. Variation in colony size and sporulation is observed
between strains and agars.
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Figure 6.6. Colony morphology of fermented strains on TSB agar. Colonies selected
by replica plating from different fermentations were transferred to TSB agar and grown
for 10 days. Colonies are arranged in the same layout as previously described. Variation
in colony size and sporulation is observed between strains.
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To further analyse the colony morphology of the replica-plated fermentations (Figures
6.2 to 6.6), colony diameters were measured for all colonies with observable growth
using Imagel (Figures 6.7 and 6.8). This aimed to identify potential outliers within groups
and assess whether colony morphology could distinguish specific strains or

fermentation types.

Outlier analysis was performed on colony size measurements by treating each group on
each agar type independently. Outliers were defined as values exceeding 1.5 times the
interquartile range (IQR) from the group median. Colonies from the S. clavuligerus SC6
stock were analysed in parallel as a parental strain control to establish a baseline of
natural variability on each medium and contextualise any observed deviations in the

experimental groups.

On 2xYT agar, two SC6 colonies (16.7 and 14.9 mm) were flagged as outliers, reflecting a
relatively high level of baseline variability. Similar outliers were observed in experimental
groups, including colony diameters of 16.3 and 20.4 mm in the 7.5 L multistage group
and 11.4 mm in the 1 L multistage group. These values fell within the range of variability
already seen in SC6, suggesting that the experimental group deviations are not likely to

represent meaningful biological differences.

On GYM agar, one SC6 colony (41.3 mm) was marked as an outlier. Additional outliers
were observed in evolution experiment B and 7.5 L multistage fermentation groups.
Again, the high variability already present in SC6 limits the interpretation of these

deviations as functionally significant.

Across the remaining agars that supported growth, instant mash agar, ISP4, L3M9, LB,
milk agar, starch agar, and TSB agar, 18 experimental group outliers were identified.

However, most of these agars also produced outliers in the SC6 control, and in nearly all
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cases, the size of the deviations in experimental groups was comparable to or smaller
than those seen in SC6. For instance, on instant mash agar, a 7.5 L multistage colony
measured 29.5 mm, 12.5 mm above the group median. This was matched by similarly
large deviations in the SC6 control on the same agar. Likewise, SC6 outliers were
observed on LB, milk, and starch agars, where experimental group outliers did not

exceed this baseline variability.

R2A agar showed no outliers in any group, indicating low inherent variability on this

medium.

Overall, pellet size measurements varied by medium, with S. clavuligerus SC6 often
displaying the same or greater variability than experimental groups. This suggests that
most observed outliers are the result of normal medium-specific variation rather than

strain-specific or fermentation dependent differences.

That said, a small number of exceptions were observed where experimental groups
displayed outliers on specific agars without any SC6 outliers. These included 1 L
multistage outliers on ISP4, instant mash, and L3M9, and 7.5 L multistage outliers on
L3M9 and LB. While infrequent and isolated, these cases may represent genuine

deviations from baseline morphology and merit further investigation.
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Figure 6.7. Colony size variation across fermentation groups on different agars. Colonies selected by replica plating from different
fermentations were grown on various agars and grouped by fermentation type. Colony sizes were measured using Imagel) and compared to
the parental strain S. clavuligerus SC6 on each agar. Outliers were identified as values >3 standard deviations from the group mean. P values
for differences between groups on each agar are reported in Table 6.1.
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Figure 6.8. Colony size variation across fermentation groups on different agars. Colonies selected by replica plating from different
fermentations were grown on various agars and grouped by fermentation type. Colony sizes were measured using Imagel) and compared to
the parental strain S. clavuligerus SC6 on each agar. Outliers were identified as values >3 standard deviations from the group mean. P values
for differences between groups on each agar are reported in Table 6.1.
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Table 6.1. P values from Tukey tests comparing colony sizes between fermentation
types on different agars. ANOVA tests showed significant differences in colony size
between groups across all agars. Post hoc Tukey tests were performed to compare each
fermentation type to parental strain S. clavuligerus SC6 on each agar. Reported p values
reflect these pairwise comparisons.

Agar Group p-value
7.5 L multistage 2.98x10*
YT 1 LEmoLilt£§tage 0.253
voruton 0.438
experiment B
7.5 L multistage 4.10x10™"
i -1
GYM 1 LEmoLilt£§;:ge 5.18x10
Vot 1.59x10°
experiment B
1 L multistage 1.15x10°®
. -6
ISP4 7.5IIE_ r(n;llultt‘lstage 1.01x10
vouton 0.482
experiment B
7.5 L multistage 1.01x10%
: -28
L3M9 1 LEmOLilt£§;ige 2.07x10
Vot 4.83x10™"2
experiment B
1 L multistage 7.80x10™
LB 7.5 L multistage 1.96x10°
Evolution 2.09x10°
experiment B
Evolution 4
. 6.16x10
Mash experiment B
7.5 L multistage 0.0493
1L multistage 0.879
1L multistage 0.0331
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6.3 Genotypic analysis of fermented colonies

Given that outliers appeared to exist within groups but not consistently across
media, further genotypic and phenotypic analysis was conducted on a subset of
colonies to explore whether any individual strains exhibited unique characteristics.
Five colonies were selected based on their distinct morphologies on L3M9 agar
(Figure 6.1): Colony 19 displayed a small colony phenotype while still sporulating;
colony 24 had a large colony phenotype; Colony 56 exhibited poor sporulation
compared to other colonies isolated from the 1 L fermentations; Colony 60 also
exhibited poor sporulation; and Colony 82 showed precocious sporulation around
the colony edge, coupled with a small colony phenotype. Colonies from evolution
experiment B (wells 2-16) were excluded from this selection as their phenotypes and
genotypes were characterised in the previous chapter. Of the selected colonies, two
were from the 7.5 L multistage fermentations (colonies 19 and 24), and three were

from the 1 L multistage fermentations (colonies 56, 60, and 82).

To characterise their genotypes, genomic DNA was extracted from all five colonies
after 48 hours of growth in TSB. Whole-genome sequencing was performed using the
Ilumina NovaSeq X Plus platform with at PE150 chemistry (Novogene UK). Using this

data, the barcode identity of each colony was confirmed:

7.5 L multistage fermentation - Colony 19-JCb17

e 7.5L multistage fermentation - Colony 24 - JCb7

e 1L multistage fermentation - Colony 56 — JCb3

e 1L multistage fermentation - Colony 60 -JCb17

e 1L multistage fermentation - Colony 82 -JCb14
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Mutations were identified using breseq as previously described (Section 5.4), using
S. clavuligerus SC6 as the reference genome. Mutations found in the parental strain
control strains sequenced in this study and were treated as background and

excluded from comparisons.

Overall, the five selected colonies had fewer mutations than those identified in the
strains from evolution experiment B (Table 6.2). Notably, one colony from the 1 L
fermentation was identical to the progenitor strain and the second colony (colony
82) exhibited only the loss of pSCLS3. The three colonies from the 7.5 L fermentation,
two (colonies 19 and 24) had lost pSCL3, although for one of them this was the only
mutation detected. Additional mutations were found in genes encoding an ABC
transporter (SCLAV_SC2_06140, A7bp), DNA polymerase Ill subunit B
(SCLAV_SC2_14090, C-G, Ser>Cys), alanine racemase (important for the
conversion of L- to D-alanine for incorporation into the cell wall (Tassoni et al., 2017;
SCLAV_SC2_18995, C~>G, Val»Leu), ABC transporter periplasmic-binding protein
YtfQ (SCLAV_SC2_24990, C-T, Ala~>Val), and a non-coding region, 11bp upstream
from L,D-transpeptidase family protein (SCLAV_SC2_14610, also involved in cell
wall synthesis; Espaillat et al., 2024). While these genes are not part of a shared
pathway or function, they are all involved in cellular resource allocation or stress
adaptation. None are directly associated with central carbon metabolism. Notably
with two ABC transporters being affected. It is also worth noting that withinthe 7.5L
fermentation, all barcoded strains maintained relatively constant abundance over

time.

The potential impact of the non-synonymous SNPs was examined. The substitution

in DNA polymerase Il B (SCLAV_SC2_14090, Ser>Cys) does not fall within a
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characterised catalytic motif of the B-clamp, and AlphaFold (Jumper et al., 2021)
modelling did not provide high-confidence predictions for interpretation, its
functional significance therefore remains unclear. The alanine racemase mutation
(SCLAV_SC2_18995, Val»Leu) is a conservative change, and its position relative to
the PLP-binding active site could not be determined with confidence, so the effect
on enzyme function is wuncertain. The YtfQ periplasmic-binding protein
(SCLAV_SC2_24990, Ala»>Val) mutation is located within the predicted binding
protein domain, but outside well-defined conserved motifs, and again no confident
structural predictions were obtained, leaving the impact unresolved. Finally, the
tetratricopeptide repeat protein substitution (SCLAV_SC2_28310, Asp~>Glu) is also
conservative and, given limited annotation and low-confidence modelling, the

functional consequences are unknown.

As loss of pSCL3 had previously been linked to potential differences in strain fitness,
the correlation between pSCL3 loss and relative abundance in fermentation was
examined. Colonies 19, 24, and 56 started at relative abundances of 2.75%, 5.04%,
and 5.13%, respectively, and ended at 15.07%, 3.97%, and 4.97%, corresponding to
log, fold changes of 1.85, -0.38, and -0.008. These differences suggest that pSCL3

loss alone does not predictably confer a competitive advantage.

Within the 1 L fermentation, both colony 60 (no detected mutations) and colony 82
(pSCL3 loss only) showed declines in relative abundance over the course of
fermentation: 6.2% to 5.2% (-0.25 log2FC) and 6.7% to 3.5% (-0.68 log2FC),
respectively. This again suggests that pSCL3 loss in isolation does not strongly

influence strain dynamics in this context.
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Table 6.2. Mutations detected in genomes of colonies isolated from different
fermentations. Five colonies selected from replica plating of multiple fermentations
were whole genome sequenced. Mutations relative to the SC6 parental strain genome
were identified using Breseq. Distinct mutations were detected in four of the five
isolates.

Replicon Position | Mutation Gene
Colony 19 (7.5 L multistage fermentation)
Chrm 1,335,051 A7 bp ABC transporter integral'
membrane transport protein
Chrm 3,223,673 C->G DNA polymerase Ill subunit
pSCL3 1 0A44,894 bp -
Colony 24 (7.5 L multistage fermentation)
pSCL3 1 | n444,894bp | -
Colony 56 (7.5 L multistage fermentation)
Chrm 3,351,757 (GCTGCC)8~>7 Noncoding
Chrm 4,321,528 C->G Alanine racemase
ABC transporter periplasmic-
Chrm 5,810,797 el bindi:g protZin \F()th

Colony 60 (1 L multistage fermentation)
None detected
Colony 82 (1 L multistage fermentation)
pSCL3 1 | 444,894 bp -
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Following the repeated loss of pSCL3 in several strains, the presence and relative copy
number of all four plasmids were examined in previously sequenced strains. Illumina
reads from parental strain strains (JCb6, JCb10, and JCb17) and the five selected
colonies were mapped to the chromosome and four plasmids of the S. clavuligerus SC6
reference genome using Bowtie2 (Langmead and Salzberg, 2012). The average coverage,
including zero-coverage bases, was calculated for each replicon using Bedtools
(Quinlan and Hall, 2010). Plasmid coverage was then normalised to the chromosomal
coverage for each strain. These normalised values were plotted, using the average of the
three parental strains as the control (Figure 6.9). For downstream analysis, colonies from

the same fermentation were grouped together.

An ANOVA showed no differences in copy number between groups for pSCL1, pSCL2, or
pSCL4 (p = 0.284, 0.941, and 0.995, respectively). In contrast, pSCL3 displayed a
reduced copy number in the fermentation-derived strains compared to the parent strain,
although itis unlikely that the difference between strains is significant (p = 0.083). Among
the plasmids, pSCL1 exhibited the greatest variation. Normalised coverage in parental
strain, 1 L, and 7.5 L multistage fermentation strains was 6.63x, 19.8x, and 11.04x,

respectively.

Read coverage of the plasmid pSCL2 remained consistent across groups, ranging from
9.2x to 9.9x. This contrasts with the previous chapter, where pSCL2 coverage dropped to
3.27x and 5.47x in strains that dominant the fermentation and those strains that become
rare, respectively. Similarly, pSCL4 showed minimal variation between groups (1.25-
1.26x), compared to 0.98x and 1.20x in dominant strains and rare strains from the
previous chapter. As observed before, pSCL1 showed the highest variability in copy

number across strains.
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The loss of pSCL3 identified by breseq was confirmed by this coverage-based analysis.
Normalised coverage for pSCL3 dropped from 1.56x in parental strain strains to 0.23x
and 0.27xinthe 1 L and 7.5 L fermentation-derived strains, respectively. These residual
low levels of coverage are explained by the presence of pSCL3 in colonies 56 and 60,

which retained the plasmid despite others having lost it entirely.

Additionally, JBrowse was used to detect any new junctions or large-scale deletions
across replicons. Consistent with breseq analysis, no new junctions or large-scale

deletion were detected within replicons for any strain.
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Figure 6.9. Plasmid copy humber colonies selected by replica plating from different
fermentations. Five colonies selected by replica plating from different fermentations
were grown in TSB for 48 hours, genomic DNA was extracted and whole genome
sequenced. Read coverage of plasmids pSCL1-4 was normalised to chromosome
coverage to estimate plasmid copy number. Colonies were grouped by fermentation
type, error bars indicate standard deviations. ANOVA tests showed no significant
differences between groups for pSCL1, pSCL2, and pSCL4 (p = 0.284, 0.941, 0.995,
respectively), while pSCL3 showed reduced copy number compared to the parental
strain (p = 0.083).
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6.4 Phenotypic analysis of strains from fermentations

After identifying genomic differences between the five selected strains and their parent
strain, further phenotypic analyses were carried out to investigate possible genotype to
phenotype links following fermentation. Although no mutations were found in the CA
biosynthetic genes of these strains, previous transcriptomic data from evolution
experiment B showed downregulation of CA genes post-adaptation. Measuring CA yield
in these five colonies would therefore provide insight into whether similar phenotypic

shifts also occurred here.

The five selected strains and parental strain JCb10 were grown for 48 hours in 50 mL TSB.
CA titres were then calculated and normalised to dry weight (Figure 6.10). CA vyield
dropped in all strains compared to JCb10, which produced 14.00 pg/mg cell dry weight.
In contrast, the mean titres for the 1 L and 7.5 L multistage fermentation strains were
7.81 and 11.23 pg/mg cell dry weight, respectively. An ANOVA indicated differences
between groups (p = 3.5 x 10%). A Tukey test identified a differences between the 1 L and
7.5 L strains (p = 0.0012), whereas differences between each group and JCb10 were not

significant (p =0.0714 and 0.4364 for 1 L and 7.5 L vs JCb10, respectively).

Outlier analysis of CA measurements was conducted using the 1.5xIQR method, treating
each strainindependently. No outliers were detected in any of the three groups. Shapiro—
Wilk tests confirmed normality across all groups (p > 0.05), indicating that CA

measurements were consistent and that no biologically unusual values were present.
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Figure 6.10 Clavulanic acid titre in colonies selected by replica plating from
different fermentations. Five colonies selected by replica plating were grown in TSB for
48 hours, and clavulanic acid (CA) titre was measured. Colonies were grouped by
fermentation type. Strains from 1 L and 7.5 L multistage fermentations showed reduced
CA output compared to parental strain S. clavuligerus SC6. ANOVA indicated significant
differences between groups (p = 3.5 x 10'4). A Tukey test showed a significant difference
between 1 L and 7.5 L multistage strains (p = 0.0012), while comparisons to SC6 were
less significant (p =0.0714 and 0.4364 for 1 Land 7.5 L vs SC6, respectively). No outliers
were detected within groups.
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In addition to attempting to detect outliers both between and within groups using CA
production, G6PDH activity was measured to understand levels of primary metabolism
within strains, where G6PDH acts as branch point between two major carbon catabolic
pathways of glycolysis and the pentose phosphate pathway. This was based on
observations in the previous chapter, where modest differences in G6PDH activity were
seen across evolved strains (Figure 5.11), alongside transcriptomic changes in genes
involved in central carbon metabolism. The aim was to determine whether similar trends
could be observed following multistage fermentations and to detect within group

outliers.

The five selected strains and the parental JCb10 were grown in 50 mL TSB for 48 hours.
G6PDH activity was then assessed using a glucose 6-phosphate dehydrogenase Activity
Assay Kit (Fluorometric, Abcam), with values normalised to total protein concentration

(Bradford assay), as recommended by the manufacturer.

Both 1 L and 7.5 L multistage fermentation strains showed increased G6PDH activity
relative to the parental strain (Figure 6.11). S. clavuligerus SC6 parent strain displayed a
mean activity of 13.24 nmol/min/mL/mg total protein, compared to 17.27 and 30.58
nmol/min/mL/mg for 1 Land 7.5 L strains, respectively These results are consistent with
G6PDH activity found within the literature of ~20 nmol/min/mL/mg total protein
((Obanye et al., 1996). Additionally, these values are similar to those reported in the
previous chapter for dominant and rare strains (25.18 and 16.33 nmol/min/mL/mg,

respectively).

An ANOVA detected differences between groups (P = 9.6 x 1%). Mann-Whitney tests

returned P values of 0.108 (1 Lvs 7.5 L), 1.000 (1 L vs SC6), and 0.0012 (7.5 L vs SC6),
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indicating levels of G6PDH activity were elevated in strains derived from the 7.5 L

multistage fermentation strains.

Outlier analysis using the 1.5xIQR method identified no outliers in any group. Shapiro—
Wilk tests confirmed that G6PDH activity values followed a normal distribution,
suggesting measurements were consistent within groups and that no biologically

unusual values were present.
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Figure 6.11. Glucose-6-phosphate dehydrogenase activity in colonies selected by
replica plating from different fermentations. Five colonies selected by replica plating
were grown in TSB for 48 hours, and glucose-6-phosphate dehydrogenase (G6PDH)
activity was measured and normalised to total protein concentration (Bradford assay).
Colonies were grouped by fermentation type. ANOVA detected differences between
groups (p = 9.6 x 10~*). Mann-Whitney tests gave p values of 0.108 (1 Lvs 7.5 L), 1.000 (1
L vs SC6), and 0.0012 (7.5 L vs SC6), indicating elevated G6PDH activity in 7.5 L strains.
No outliers were detected within groups.
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Given that CAyield and G6PDH activity assays did not identify any outliers within groups,
specific growth rate, p, were analysed to determine whether these could help detect
outliers or provide further insight into phenotypic variability. Specific growth rates may
also reflect competitive ability during fermentation, providing another potential link

between genotype and phenotype.

The five selected strains and parental strain JCb10 were grown in 50 mL TSB for 48 hours,
and backscatter measurements were taken using the aquilabiolabs Cell Growth
Quantifier. The exponential growth phase was used to calculate Specific growth rate,

which were then plotted (Figure 6.12).

As seen previously (Figure 5.12), both 1 L and 7.5 L multistage fermentation strains
displayed lower Specific growth rate (p) than the parental strain. The mean p for both 1L
and 7.5 L strains was 2.1 x 10 h™', compared to 0.0082 h™" for the parental JCb10. For
context, the dominant and rare isolates in the previous chapter showed p of 0.0031 and

0.0046 h™, respectively (Table 5.2).

An ANOVA confirmed significant differences between groups (p = 7.36 x 10®). No
significant difference was detected between the 1 Land 7.5 L strains (p = 0.864), but both
groups exhibited an approximate 3.8-fold reduction in y compared to the parental (p =

0.001).

Outlier analysis using the 1.5xIQR method identified no outliers in any group. Shapiro—
Wilk tests indicated no significant deviation from normality, and boxplot inspection
confirmed symmetric distributions. These results suggest that y measurements were

consistent within each group, with no biologically unusual values detected.
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Fig 6.12. Specific growth rates of colonies selected by replica plating from different
fermentations. Five colonies selected by replica plating were grown in TSB for 48 hours,
and backscatter was measured using a cell growth quantifier to calculate specific
growth rates (u). Colonies were grouped by fermentation type. ANOVA indicated
significant differences between groups (p = 7.36 X 10'8). Strains from 1 L and 7.5 L
multistage fermentations showed similar specific growth rates (p = 0.864) but both were
significantly lower, approximately 3.8-fold reduction, compared to parental S.
clavuligerus SC6 (p = 0.001). No outliers were detected within groups.
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As CA yield, G6PDH activity, and p did not reveal outliers within groups, strains were
grown in liquid culture and imaged to assess whether adaptation affected pellet
morphology. The five selected strains and parental strain JCb10 were grown in 50 mL TSB
for 48 hours, after which they were imaged using phase contrast microscopy. One
representative image was selected for each strain (Figure 6.13). It was immediately
apparent that strains from the 1 L and 7.5 L multistage fermentations produced larger

pellets than the parental strain, consistent with colonies from evolution experiment B.

Hyphae were observed extending from the edge of each pellet, consistent with typical
Streptomyces morphology in liquid culture. Qualitative inspection found no obvious
outliers between samples: although some pellets appeared larger or had associated free
hyphae, no sample showed consistent or extreme deviation. Notably, while no pellet
formation was observed during growth in CM5 medium, these same strains formed
pellets when grown in TSB medium, indicating a medium-dependent switch in

phenotype.

To assess pellet size more quantitatively, Image) was used to measure pellet diameters
(Figure 6.14). Strains were grouped by fermentation type. Parental strain S. clavuligerus
SC6 had the smallest average pellet diameter (128 um), while the 1 Land 7.5 L multistage
fermentation strains had average diameters of 205 ym and 154 pm, representing 1.6-fold
and 1.2-fold increases, respectively. These values were markedly lower than the average
1,001 pm diameter observed for dominant strains from evolution experiment B in the

previous chapter.

An ANOVA confirmed significant differences between groups (p = 1.52 x 10°). Mann-

Whitney tests indicated significant differences between 1 L and 7.5 L strains (p =
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0.00021) and between 1 L and parental strain SC6 (p = 3.00 x 10®), but no significant

difference between 7.5 L and SC6 (P =0.197).

Outlier analysis (1.5xIQR) revealed no outliers in the parental strain group, while the 7.5
L group showed four outliers (399.3, 345.5, 393.6, and 326.5 um), and the 1 L group
showed three (463.9, 508.2, and 371.9 pm). Shapiro-Wilk tests showed that pellet size
distributions for both 1 L (P = 9.6 x 10®) and 7.5 L (P = 4.6 x 10°) groups deviated

significantly from normality, whereas parental strain SC6 did not (P = 0.54).

These results suggest that pellet morphology differs both between and within groups.
Parental strain pellets were small and tightly distributed, while multistage fermentation
strains showed increased pellet size and greater variability. Some pellets in these groups
exceeded the internal variability expected for normally distributed data. While the nature
of pellet sampling prevented re-isolation of specific outlier colonies, these findings
suggest that the multistage strains contain a mixture of phenotypes and that pellet

formation is influenced by both growth conditions and strain background.
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Figure 6.13. Pellet morphology of colonies selected by replica plating from different
fermentations. Five colonies selected by replica plating from different fermentations
were grown in TSB for 48 hours. Pellets were imaged by phase contrast microscopy. One
representative image is shown for each fermentation type.
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Figure 6.14. Pellet size distribution of colonies selected by replica plating from
different fermentations. Five colonies selected by replica plating from different
fermentations were grown in TSB for 48 hours, and pellet diameters were measured from
phase contrast images using Imagel. Colonies were grouped by fermentation type.
Parental strain S. clavuligerus SC6 showed the smallest average pellet diameter (128
pm), with 1.6-fold and 1.2-fold increases observed for 1 L and 7.5 L multistage
fermentation strains, respectively. ANOVA detected significant differences between
groups (p = 1.52 x 107°%). Mann-Whitney tests showed significant differences between 1
L and 7.5 L strains (p = 0.00021) and between 1 L and SC6 (p = 3.00 x 10~°), but no
significant difference between 7.5 L and SC6 (P = 0.197). Some outliers were detected
within groups.
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6.5 Further phenotypic analysis of strains from fermentations

As no consistent outliers were identified within any group in Section 6.4, attempts to link
genotype to phenotype in the 1 L and 7.5 L multistage fermentation strains were not
possible. To improve the likelihood of detecting phenotypic outliers within a group, the
number of colonies analysed was increased. Given that the 1 L multistage fermentation
showed greater variability in population dynamics than the 7.5 L fermentation (chapter
4), 10 colonies were randomly selected from a 1 L multistage fermentation for further
analysis. Increasing the number of replicates aimed to improve the chances of
identifying a consistent outlier and potentially linking phenotype to genotype within this

fermentation group.

Each of the 10 colonies was grown for 48 hours in 50 mL TSB, then transferred to CM5
medium for clavulanic acid production assays. CM5was chosen because it matched the
original fermentation conditions, potentially increasing the likelihood of revealing
phenotypic differences that would not be observed in TSB. However, as cultures were
grown in CM5 rather than TSB, clavulanic acid yield could not be normalised to dry

weight.

The average clavulanic acid titre was 54.81 yg/mL (Figure 6.15). Statistical analysis using
the Wilcoxon signed-rank test and Grubbs’ test detected no outliers (P = 1.00 for both
tests). Thus, both visually and statistically, no evidence of phenotypic outliers was found

within these 10 colonies.
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Figure 6.15. Clavulanic acid titre of randomly selected colonies from a 1 L
multistage fermentation. Ten colonies randomly selected from a 1 L multistage
fermentation were grown in TSB for 48 hours, and clavulanic acid (CA) titre was
measured. The average CA titre was 54.81 pg/mL. Wilcoxon signed-rank and Grubbs
tests detected no outliers (p = 1 for both tests).
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As no outliers were detected within the 10 colonies using a CA assay, further analysis
was performed to identify any phenotypic outliers. A bioactivity assay was therefore
designed, which would also provide additional insight into the CA production of these
strains and detect any differences in production of other bioactive metabolites. The

assay was based on previous work (Gallardo, 2020).

The 10 randomly selected colonies from the 1 L multistage fermentation were grown as
confluent lawns on L3M9 agar for 10 days. Triplicate agar plugs from each lawn were
transferred onto soft agar seeded with Micrococcus luteus at an ODgo of 0.001. The
plates were incubated for a further 24 hours, after which photographs were taken
(example plates shown in Figure 6.16). Each plate also included a negative control (L3M9
agar plug) and a positive control (Oxoid 30 ug amoxicillin/clavulanic acid susceptibility

disc).

The diameter of the inhibition zones was measured for each plug, and the average
inhibition zone for each colony was plotted (Figure 6.17). An ANOVA test detected no
significant differences between colonies (P = 0.100). The average zone of inhibition was

1.89 cm, with the smallest and largest means being 1.47 cm and 2.23 cm, respectively.

As neither this bioactivity assay nor the earlier CA assay revealed a consistent

phenotypic outlier among the 10 colonies, no further analyses were conducted on this

group.
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Figure 6.16. Bioactivity assay of colonies from a 1 L multistage fermentation against
M. luteus. Ten colonies randomly selected from a 1 L multistage fermentation were
grown as confluent lawns on agar for 10 days. Triplicate agar plugs from each lawn were
transferred onto soft agar seeded with M. luteus and incubated for a further 24 hours.
Three representative plates are shown, each containing (top to bottom) an L3M9 agar
plug, three test plugs, and a 30 ug amoxicillin/clavulanic acid susceptibility disc (Oxoid)
as control.
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Figure 6.17. Zones of inhibition for lawns of Micrococcus luteus do not significantly
differ between strains in bioactivity assay. Plates from the M. luteus bioactivity assay
(Figure 6.16) were analysed by measuring the inhibition zones of each triplicate agar
plug. Individual measurements are shown as black points, with averages for each isolate
indicated by blue bars. ANOVA detected no significant differences between groups (p =
0.100).
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6.6 Going back to GSK fermentations

As no phenotypic variants could be identified within the 1 L or 7.5 L multistage
fermentations, further genotypic analysis was conducted on additionalisolates from the
7.5 L fermentation. This would expand upon the three previously sequenced isolates
(Table 6.2) and help assess the diversity of mutations arising during industrial
fermentations. The original three genomes already displayed variability in both the
number and types of mutations detected, so sequencing more isolates would provide a

broader picture of the genetic changes occurring under these conditions.

To do this, the 7.5 L multistage fermentation was plated on to L3M9 agar (Figure 4.15 A3),
and five additional colonies were randomly selected. These isolates were grown in TSB
for 48 hours, and genomic DNA was extracted and sequenced using the Illumina
NovaSeq X Plus at PE150 (Novogene UK). FASTQ analysis revealed the corresponding

barcodes for each isolate as follows:

7.5 L multistage fermentation - Colony 1-JCb17

e 7.5L multistage fermentation - Colony 2 -JCb1

e 7.5 L multistage fermentation - Colony 3 -JCb9

e 7.5L multistage fermentation - Colony 4 —JCb2

e 7.5L multistage fermentation - Colony 5-JCb2

Breseq was used to identify genetic differences between these strains and the S.
clavuligerus SC6 reference genome. The mutational profile of the parental strain strains

was used as a baseline, and all further mutations were reported relative to this.

All mutations detected in these further five strains were nonsynonymous in nature (Table

6.3). Three of the five new isolates had lost pSCL3, as observed previously. In total, five
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out of eight sequenced isolates from this fermentation lacked pSCL3. However, in
contrast to the earlier isolates, one of the newly sequenced colonies had a genotype

identical to the parental strain.

One mutation was identified in an ATP-dependent DNA helicase UvrD1, an important
enzyme in DNA repair (Chadda et al., 2022; SCLAV_SC2_18110, (AGCCCGG)7~8).
Notably, two isolates had mutations in ABC transporter proteins. One of these mutations
was unique (SCLAV_SC2_05800, +C). However, the second ABC transporter protein
mutation has been seen exactly within the previously sequenced isolates
(SCLAV_SC2_06140, A7 bp). This is of interest since one of the previously sequenced
colonies (colony 19, JCb17) exhibit exactly the same mutation. Although colony 1 here is
also JCb17, the mutational profiles differed. In the earlier isolate, mutations were seen
in the ABC transporter, DNA polymerase lll subunit B, and a loss of pSCL3. In the newly
selected strains with the same barcode, only the ABC transporter mutation was
detected, and occurred in over 99.5% of reads mapping to that region, highlighting the
intra-strain heterogeneity. Generally ABC transporters are important due to the broad
range of subsrates they transport across the membrane (Rees et al., 2009). Additionally
in isolate 3 a AfsR/SARP family transcriptional regulator mutation occurred
(SCLAV_SC2_14845 ; Table 6.3) which itself is important for the regulation of antibiotic
biosynthesis and interestingly contains a tetratricopeptide repeat (TPR) domain (Wang

et al., 2024) as seen in a previously mutated gene (Table 5.1) .

As before, none of the mutations identified were in genes directly linked to central carbon
metabolism but are involved in transport and regulation. However, as previously noted,
these mutations do not appear to confer a fitness advantage during fermentation over

the measured timescales. The 7.5 L multistage fermentation remained stable in terms of
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population dynamics, with no strain becoming dominant (Figures 4.14 and 4.15). The
log. fold changes for colonies 1-5 was 1.85, 0.85, 0.28, and -0.27 (colonies 4 and 5),

respectively.
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Table 6.3. Mutations detected in additional isolates from a 7.5 L multistage
fermentation. Five colonies isolated from a 7.5 L multistage fermentation were whole
genome sequenced. Mutations relative to the SC6 parental strain genome were
identified using Breseq. Distinct mutations were detected in four of the five isolates.

Replicon Position Mutation Gene
Colony 1
ABC transporter integral
Chromosome 1,335,051 A7 bp membrane transport
protein
Colony 2
Chromosome 1,256,545 +C ABC'tra’nsporter.ATP—
binding protein
pSCL3 1 044,894 bp -
Colony 3
Chromosome 3,404,243 (CCGTTGGTG)4 AfsB/SARP family
>5 transcriptional regulator
pSCL3 1 0A44,894 bp -
Colony 4
None detected
Colony 5
Chromosome 4,119,689 | (AGCCCGG)7-8 ATP-dependent DNA
helicase UvrD1
pSCL3 1 A444,894 bp -
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6.7 Summary

Compared to the work conducted within chapter 5, using the model of experimental
evolution, fermentations at a more industrially relevant timescale do not reliably result
in changes to cell phenotype. This chapter evaluated whether strain-level differences
arising from fermentation could be detected through colony morphology. Here, colony
size, pigmentation, and sporulation patterns were assessed across 94 isolates from
multiple fermentation conditions, including a 1 L multistage fermentation, a 7.5 L
multistage fermentation, and evolution experiment B. The aim was to determine whether

phenotypic traits could be linked with genotype in strains following fermentation.

Colonies were replica plated onto L3M9 agar and a panel of 19 different nutrient agars.
Clear group-level differences were observed. For example, colonies from evolution
experiment B were visibly larger and more pigmented, while those from the 7.5 L
fermentation often showed reduced sporulation. Within-group variability was high, and
in many cases, the range of colony sizes and morphologies overlapped substantially
between fermentation conditions. Additionally, a range of mutations were seen within
different strains within the 7.5 L fermentation, seemingly with none affecting strain
fitness within the fermentation, despite key regulatory and stress response genes being

affected.

To establish a baseline for natural morphological variation, an isogenic stock of S.
clavuligerus SC6 was aliquoted into 48 wells and grown on the same set of agars. These
controls showed a similar degree of variability to the experimental groups. For example,
differences in colony size, colony edge smoothness, and sporulation were common,
even in genetically identical SC6 colonies grown on the same plate. These observations
were consistent across several media types, particularly on GYM and L3M9 where

sporulation and pigment production were more readily expressed. In contrast, LB and
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starch agars produced small colonies with limited morphological differentiation, likely
due to nutrient limitation or poor growth. Nonetheless, the differences within parental
strain colonies make confidently determining phenotypic variations between fermented

colonies difficult.

Quantitative analysis of colony size using Imagel) supported these observations. While
some colonies were flagged as outliers based on interquartile range cutoffs, nearly all of
these fell within the variability already observed in the SC6 control. This suggests that
most phenotypic differences seen in strains do not exceed the baseline noise of clonal
populations. In a small number of cases, such as a few large colonies from the studied
7.5 Lfermentation, phenotypes exceeded the variability seen in controls and may reflect

genuine adaptive differences.

In summary, colony morphology reflects both environmental and genetic inputs but
lacks the resolution or reliability needed to distinguish strain type on its own. Even
among strains that underwent significant genotypic change (e.g. JCb10 from evolution
experiment B), morphology was not sufficiently distinct to enable identification without
molecular methods. These results highlight the limits of morphology as a screening tool
in S. clavuligerus and reinforce the importance of pairing phenotypic assessments with
barcode sequencing, especially in industrially relevant timescale. While colony
morphology can still be informative when used carefully and in the right context, it
should not be relied upon as a primary tool for monitoring population structure in

Streptomyces fermentations.
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Chapter 7 Discussion
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7.1 General discussion

Industrial strain development is a constant process aimed at improving fermentation
yields of valuable compounds. For example, GSK routinely generates new S. clavuligerus
strains for 100,000 L fermentations to increase clavulanic acid production (Huckle &
Kendrew, Personal Communication). A central challenge is that even closely related
strains differ in performance, meaning population structure directly affects productivity.
In this work, competition assays showed fitness variation even between isogenic strains
(Figures 4.18-4.20), with evolved isolates consistently outcompeting the parental strain
in CM5 but to differing extents. This uneven success suggests division of labour within
populations, where some subpopulations specialise in costly functions such as
antibiotic production while others prioritise growth (Westhoff et al., 2020; Zhang et al.,
2020). Although this can benefit the collective, it also risks skewing population structure
and undermining yield stability under industrial conditions (Harms et al.,, 2017;

Hoskisson and Hobbs, 2005).

Long-term evolution studies in other systems illustrate how quickly adaptation reshapes
populations. The E. coli LTEE shows predictable fitness gains and occasional novel traits
such as citrate utilisation under constant conditions (Lenski, 2023, 2017; Lenski et al.,
1991). Additionally, the Streptomyces LTEE demonstrates a reduction in pelleting,
improved relative fitness and reduced secondary metabolite production after 1000
generations (Munnoch et al., 2025). Barcoded lineage tracking in yeast similarly
highlights rapid, environment-dependent selection (Larcombe et al.,, 2023).
Streptomyces species are predisposed to such dynamics given their large G+C-rich
linear chromosomes, unstable chromosome ends, and mobile plasmids, all of which

promote rearrangements and deletions (Birch et al., 1991; Zhang et al., 2022). In S.
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clavuligerus, the megaplasmid pSCL4 interacts closely with the chromosome due to
essential replication functions being present (Algora and Herron, 2019; Mohit, 2023)

although wider genome plasticity is apparent (Munnoch et al., in prep).

Against this background, the current study applied Bar-seq to track strain-level
dynamics across media, scales, and timescales, alongside a 152-generation evolution
experiment with genome and transcriptome profiling. Several consistent patterns
emerged. First, short-term stability depended strongly on media and scale. TSB
fermentations became unstable with scale-up, whereas multistage industrial conditions
(S2A-CM5) remained stable across 50 mL, 1 L, and 7.5 L fermentations (Figure 4.21).
Most variability arose during the seed stage of multistage fermentations (Figures 4.13
and 4.16), which likely shapes downstream population structure. This has not previously
been demonstrated in Streptomyces industrial fermentations, representing a novel
finding. However, a reduced seed train within E. coli has been shown to positively impact
‘process economics’ (Okonkowski et al., 2005). Second, during long-term evolution in
CMb5, barcoded populations diverged, with different strains becoming dominant, rare
strains persisting, and declines in clavulanic acid titres across all populations (Figure
5.1). These shifts were linked to specific mutations and altered transcription (Section 5.4
and 5.5). Third, phenotypic traits such as colony morphology and sporulation varied
across evolved isolates, but they were unreliable indicators of underlying genomic or
productivity changes (Section 5.6). This difficulty in using an altered genotype to predict
fitness or secondary metabolite production is well documented and has been observed

in strains evolved within the E. coli LTEE (Favate et al., 2023).

Together, these findings show that population dynamics in S. clavuligerus fermentations

are shaped by both short-term process conditions and longer-term evolutionary change.
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Media composition and scale can stabilise or destabilise strain frequencies, while
prolonged adaptation reduces productivity despite apparently stable population
structures. Phenotypic screening alone cannot capture these dynamics. Bar-seq
therefore provides a link between genotype, phenotype, and productivity, offering a

practical approach for monitoring strain stability in industrial fermentations.

7.2 Bar-seq can be used to reliably track fermentations

Bar-seq was adapted for use in S. clavuligerus using 20 isogenic strains, each marked
with a unique 20 bp barcode integrated using pSET152. Integration at the $C31 attB site
was stable (Figure 3.7), barcodes were sufficiently distinct (Figure 3.8), and mixed inputs
were recovered at expected ratios from spores or DNA (Figures 3.14-3.15). Thus, Bar-seq
provides a quantitative measure of strain relative abundance at a resolution and
throughput beyond plating, flow cytometry, or strain-specific gPCR (Delvigne and Goffin,
2014; Hernandez et al., 2020; Qamer et al., 2003). Conceptually, Bar-seq relates to
signature tagged mutagenesis (STM) and Tn-seq (Saenz and Dehio, 2005; van Opijnen et
al.,, 2009), but the neutral barcodes avoid mutational confounders and suit
Streptomyces, where transformation and conjugation of complex molecular tools can
be limiting for new systems (Krysenko, 2025). This therefore extends barcoded lineage

tracking, established in yeast, into bacteria (Larcombe et al., 2023).

Critically, Bar-seq captured dynamics invisible to phenotype-only methods. Post-
fermentation isolates exhibited limited variation in colony morphology and growth
(Chapter 6). However, population composition shifted over time. Bar-seq therefore aids

the link between genotype and population dynamics in mixed cultures. Industrially, it

276



enables head-to-head comparison of candidate strains inside the actual competitive

environment (Wehrs et al., 2020).

Limitations of the technique are inherent. Bar-seq tracks frequencies of strains, not what
causes them to change frequencies. Furthermore, intra-strain mutants within one
barcoded strain are masked into a single trajectory (Table 6.3). Detection of very rare
lineages (<1%) is also limited by depth, and DNA from dead cells can, in principle,
contribute reads (Amar et al., 2021). The number of barcoded strains also constrains
coverage of diversity. These limitations may be mitigated through deeper sequencing,
larger barcode sets, further whole-genome sequencing of lineages, and targeted single-
colony WGS to recover intra-lineage heterogeneity. However, Bar-seq is a robust, high-
resolution tool for monitoring Streptomyces fermentations and for allowing competition
into routine strain evaluation, in agreement with previous studies (Ferrari et al., 2021;

Robinson et al., 2014; Wehrs et al., 2020).

7.3 Scale-up of TSB fermentation leads to instability

TSB fermentations at 50 mL remained stable over 48-72 h (Figures 3.17, 4.1). Instability
emerged at 1 L over five days (Figure 4.2). Here, several lineages declined towards
extinction while others rose, with different ‘winners’ in each replicate. That replicate

specificity indicates strong batch-to-batch variability not seen at 50 mL.

Mechanistically, larger shake flasks intensify heterogeneity. Oxygen transfer and mixing
are poorer than in small volumes, generating micro-environments with different oxygen
and substrate availabilities (Garcia-Ochoa and Gomez, 2009; Rastadter et al., 2023; Xia
et al., 2021). Such gradients can amplify small fitness differences over multi-day runs,

particularly in filamentous systems where mycelial pellet size and fragmentation alter
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mass transfer (Dragosits and Mattanovich, 2013). Inoculation and early growth also
impose founder effects. For example, small sampling variance or slight early growth
advantages can set divergent trajectories that persist (Hagan et al., 2024). Prior work
shows similar divergence under oxygen-limited or spatially structured conditions in

other microbes (Reisman, 1993; Zhou et al., 2018).

This means TSB is not a reliable media to use when scaled at larger volumes.
Uncontrolled gradients and stochasticity drive instability that will confound
reproducibility and mask true strain performance. The observed population dynamics
motivated the focus on multistage industrial conditions designed to reduce
heterogeneity (Huckle & Kendrew, Personal Communication). The contrast between 1 L
TSB and industrial media is evidence that larger media volumes do not themselves cause
instability but is how the system is scaled and what medium is used that are decisive, as

has been previously seen (Viana Marques et al., 2018; Wehrs et al., 2020).

7.4 Scale-up of multi-stage industrial fermentations does not cause instability

Multistage fermentations remained stable at 50 mL, 1 L, and 7.5 L scales (Figures 4.3-
4.9). In some instances, 1 L was more stable than 50 mL (however a greater number of
replicates are needed to validate this) consistent with the idea that process control and

media formulation, not volume, are the greatest influences on population stability.

CM5 is formulated for balanced nutrient delivery and buffered conditions that support
secondary metabolism without rapid exhaustion of key resources (Huckle & Kendrew,
Personal Communication). Stirred tanks provide controlled agitation and aeration,
reducing spatial heterogeneity (Rastadter et al., 2023; Schmidt, 2005; Xia et al., 2021).

Together, these features suppress the local selective sweeps common in rich media that
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promoted fast growth such as TSB. Slower, more even growth reduces fitness

differentials, limiting the chance that one lineage finds a unique niche and runs away.

This answers a key question for GSK, does population instability explain declining CA
titres at production scale? The findings seen here suggested it does not. Under
conditions closely mimicking industrial fermentation, strain relative abundance is stable
(Figures 4.14 and 4.15), so variability in CA likely reflects physiology (e.g. regulation and
stress response) or process problems rather than a non-producing strain becoming
dominant within the fermentation. The stability observed also validates 1 L and 7.5 L
pilots asreliable predictors of 100,000 L performance, at least with respect to population

structure.

7.5 Most instability in industrial fermentations arises from the seed (S2A) stage

Across multistage fermentations, Bar-seq revealed the seed stage (S2A) as the main
source of variability, populations stabilised after transfer into CM5 (Figures 4.13 and
4.16). Therefore, instability largely originates early and is then carried forward rather than

arises in production medium.

This is consistent with both biology and process. Germination is heterogeneous, and S2A
selects for rapid biomass accumulation under different nutrients to CM5, so small
differences at inoculation can be magnified during exponential expansion (Deindoerfer
and Humphrey, 1959; Wentzel et al., 2012). Additionally, the transfer itself imposes a
bottleneck, even a 10% inoculum can create sampling variance such that high-
frequency seed lineages disproportionately found the CM5 culture causing a founder
effect (Hagan et al., 2024). In population genetics, serial bottlenecks accelerate drift and

selection, especially under high growth (Mu and Zhang, 2023). These data mirror this
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where changes in population dynamics in S2A tended to persist, while CM5 rarely

generated new ‘winners’ or ‘losers’.

The industrial implication of this is a requirement to better control the seed culture.
Strategies include adjusting S2A composition to avoid strong selection, shortening seed
duration to limit generations (and hence selection/drift), and standardising inoculation
procedures to reduce founder variance (Rastadter et al., 2023; Xia et al., 2021). Sampling
more timepoints during seed and immediately post-transfer would better resolve early
dynamics. A limitation of this study is that it focuses on barcoded SC6 derivatives.
Assessing current production strains will test if the findings presented here are also
relevant to current production strains. Nonetheless, managing selection within S2A is

key to improve downstream reproducibility.

7.6 Industrial fermentation conditions can drive adaptation

Whole genome sequencing detected mutations arising within industrially relevant
fermentations, sometimes with different mutations in separate colonies from the same
barcode lineage (Table 6.3). Thus, adaptation can occur rapidly and heterogeneously
even over short production-like timescales as seen in previous studies (Rugbjerg et al.,
2018). Plasmid instability was also clear, notably frequent loss of pSCL3 (Tables 5.5, 6.9).
Prior work documents large-scale rearrangements and plasmid loss in S. clavuligerus
and related Streptomyces (Algora and Herron, 2019; Mohit, 2023; Pérez-Llarena et al.,
1997; Petkovi¢ et al., 2006) (Munnoch in prep), consistent with dynamic linear replicons
and chromosome ends containing telomeric repeats (Kirby et al., 1975; Lorenzi et al.,

2021; Mohit, 2023).
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Most mutations mapped to regulatory and accessory genes rather than core
biosynthetic loci (Tables 5.1, 6.2 and 6.3) demonstrating selection acts via stress
management, metabolic allocation, and interaction with nutrient resources (Bibb,
2005). Genomic plasticity of this sort, including compensatory changes upon plasmid

curing, has precedent in Actinomycetes (Schrempf, 1982).

The key finding here is that genetic adaptation can occur even when strain-level
population dynamics appear stable (e.g. in CM5). Gross phenotypic assays in isolation
will miss this finding. Periodic genome checks, linked to Bar-seq, provide data of

emerging genotypes with potential process impact (Wehrs et al., 2020).

7.7 Phenotypic variation occurs but is difficult to map to genotype

Replica plating and biochemical assays showed variation in sporulation, colony
morphology, and CA titre among isolates (Figures 5.10-5.14 and Figures 6.2-6.14), but
most effects were modest and often within the baseline variability of the parental control
(Figure 6.1). No clear hyper- or non-producing strains emerged. Two factors likely
contributed to this. Firstly, phenotype was measured in rich media (TSB) rather than CM5
due to practical constraints, condition-specific traits may therefore be under-
represented. Secondly the phenotypic assays completed here were relatively limited in
number (titre, growth, morphology, selected enzyme tests), so metabolic or stress
adaptations that shift fitness without obvious colony-level signatures may have been

missed (Boruta, 2021).

Linking genotype to phenotype was equally as challenging. Few mutations were
observed and tended to be associated to regulation rather than in CA biosynthesis genes

as is consistent with previous findings (Bibb, 2005; Santamarta et al., 2011).
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Streptomyces regulatory architecture is layered and pleiotropic. Single regulatory
changes can influence dozens of targets spanning primary and secondary metabolism.
Prior studies in Actinomycetes show small regulatory differences producing context-
dependent changes in development and antibiotic output (Bibb, 2005; Hoskisson and

Fernandez-Martinez, 2018).

Transcriptomics did not necessarily implicate cyclic-di-GMP signalling (Section 5.5), a
master regulator of growth, sporulation and secondary metabolism in the adaptation of
barcoded strains (Gallagher et al., 2024, 2020; Tschowri et al., 2014). This pleiotropy
involved with this gene explains why there may have been difficulty in linking and single
genotypic change to a single phenotypic change. Multi-omics would aid this potential
link under relevant conditions. Combining Bar-seq with transcriptomics, metabolomics
and targeted biochemical assays in CM5 would connect regulatory state to function
(Delneri, 2010; Payen et al., 2016). As a limitation, our phenotyping in rich media and
limited assay breadth likely masked phenotype to genotype links present in production

settings.

7.8 Evolution experiment shows non-parallel adaptation

Over 152 generations, replicates of an evolution experiment showed different outcomes
(Figure 5.1). One was dominated by a single lineage, one ended with co-dominant
strains, and one with no strain becoming dominant. This non-parallelism contrasts with
frequent convergence in the E. coli LTEE, where similar mutations often arise across
replicates (Blount et al., 2020; Lenski et al., 1991). The difference likely reflects S.

clavuligerus complexity where multiple linear replicons, a large genome, and complex
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global regulation expand the adaptive potential and promote divergent outcomes

(Medema et al., 2010; Song et al., 2010b; Zhang et al., 2022).

Plasmid burden is a plausible method of adaptation here. Although plasmid-deficient
strains have been engineered and growth impacts measured (Mohit, 2023), fitness
benefits of specific plasmid losses (e.g. pSCL3) appear context-dependent in these
data. No universal advantage of pSCL3 loss was seen, implying media/process and
epistasis are important. However, with only 152 generations, it may be that early
divergence is observed prior to any longer-term convergence that sometimes emerges in
LTEEs and Streptomyces serial passage studies (Lind et al., 2015; McDonald et al., 2009;
Munnoch et al., 2025). It is highly recommended that future work includes an extended
evolution experiment using these barcoded strains to see if parallelism emerges

between replicates.

For industrial purposes, the data seen here urges caution. A single, repeatable adaptive
trajectory can not necessarily be predicted within fermentation. Monitoring should
therefore be by replicate and over time, not one-off. Methodologically, extending
duration and sampling frequency, and sequencing across all replicates (not just one as
done here), will reveal whether parallelism increases with time or remains low due to

persistent adaptation (Lenski et al., 1991).

7.9 Evolution experiment reveals genomic and transcriptomic changes, with

transcriptomics dominating

Genomic analysis identified few mutations across evolved isolates, mainly in regulatory
or metabolic genes, plus plasmid loss (Table 5.1). In contrast, transcriptomics revealed

broad changes in stress responses, carbon metabolism, and secondary metabolism
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(Figures 5.6-5.9). Thus, adaptation was primarily regulatory where small sequence
changes (if any) yielded large expression shifts, consistent with regulatory control of

development and metabolism in Streptomyces (Gallagher et al., 2024, 2020).

This fits classical trajectories where early fitness gains derive from tuning expression
rather than gaining novel functions (Lenski, 2017). Evolved S. clavuligerus did not acquire
new capabilities, such as citrate use within the E. coli LTEE (Blount et al., 2020), but
appear to have reallocated resources and improved stress handling. Demonstrating an
incremental optimisation within existing networks compared to broad metabolic shifts
(Chater, 2001; McCormick and Flardh, 2012). Practically, that means substantial
physiological change can occur without many obvious genomic adaptations,
demonstrating a more in-depth exploration into Streptomyces adaptation is needed in

the future.

A key limitation to this study is scope. Transcriptomics was only applied to the evolution
experiment, not to more industrially relevant bioreactor fermentations. Although
justified by the absence of large lineage shifts in CM5, adding omic based studies to
bioreactors would contextualise stability at the expression level (Delneri, 2010; Payen et
al.,, 2016). More generally these data show genome sequencing alone risks
underestimating adaptation. Regulatory networks and their effects on the rest of the cell
must be tracked. Coupling Bar-seq with more frequent transcriptomics and targeted
metabolomics would provide an early-warning system for shifts that precede titre

changes.
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7.10 Adaptations produce subtle phenotypic shifts but confer major competitive

advantages

Despite substantial transcriptomic changes, evolved isolates differed only modestly
from the ancestor in CA titres and p when assayed in isolation (Figures 5.10-5.14). No
mutations were detected in CA biosynthetic genes. Yet in direct competition they
consistently outcompeted the ancestor in CM5 (not in TSB), revealing sizeable fitness

advantages that monoculture tests masked (Figure 5.15).

Mechanistically, this is consistent with small improvements in resource allocation,
stress tolerance, or timing of developmental transitions, changes that carry little penalty
in monoculture but compound into clear relative fithess gains in mixed culture (Lenski,
2017). These are small ‘uphill’ steps on the fitness landscape via regulatory tuning rather
than leaps to new phenotypes (McCandlish, 2011; Papkou et al., 2023). The pattern
reflects reports of ‘quasi-cheater’ behaviour where lineages that slightly reduce costly
secondary metabolism or shift timing to improve growth under production conditions
(Rugbjerg et al., 2018). While isolates seen here are not non-producers, early changes to

that end could still reduce net CAyield if such lineages dominate.

For industry this demonstrates monoculture assays are necessary but insufficient to
truly investigate fermentation dynamics. Small differences in titre or growth are not
reliable proxies for competitive success. Incorporating competition-based evaluation,
using Bar-seq, provides a more faithful test of robustness under the exact selective

forces present in production media (Finkel and Kolter, 1999).
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7.11 Competition assays are essential to detect hidden fitness changes

Across both fermentation experiments and the evolution study, competition assays
exposed differences that monoculture phenotypes did not (Figures 4.18-4.20). They
showed lineages with similar growth curves or titres in isolation showed clear,
repeatable relative fithess differences in mixed culture (Figures 4.17-4.19, 5.15 and
5.16). Because relative abundance integrates many components of fitness (y, yield,
stress responsiveness, resource efficiency), competition assays are a useful tool (Finkel

and Kolter, 1999; Lenski et al., 1998).

For pipelines, the message is practical. Relying on titres, endpoint biomass, or colony
morphology can miss adaptative phenotypic changes that only matter in ecological
context. Competition assays act as a stress test under realistic selection, revealing
otherwise undetectable advantages early. Coupling competition with Bar-seq gives
lineage-resolved quantification at scale, enabling multiplexed head-to-head evaluation
of candidate strains (Robinson et al., 2014; Wehrs et al., 2020). This is aligned with long-
standing practice in experimental evolution where relative fitness, not absolute growth

alone, defines adaptation (Lenski et al., 1998, 1991).

It would be ideal to embed small-scale, Bar-seq based competition into routine
screening, especially in CM5 or other production-like media. Positive controls (parental
vs parental) and replicate competitions should be included to quantify baseline noise
and founder variance. A limitation is that competition outcomes can depend on initial
frequency and inoculum structure, frequency-dependent designs and reciprocal

frequency tests can address this (Ribeck and Lenski, 2015).
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7.12 Future work

There are several clear next steps that would build on this work. The evolution
experiment here ran for 152 generations (Figure 5.1), but S. clavuligerus has the capacity
for further adaptation and longer experiments would likely reveal additional changes.
Running the experiment for more generations would help to test whether adaptation
continues through gradual regulatory shifts or if larger genomic changes eventually
appear, as in the E. coli LTEE or the Streptomyces LTEE (Lenski, 2023; Munnoch et al.,

2025).

It will also be important to repeat these experiments with strains that are more
industrially relevant than SC6. This would allow direct comparison to current production
strains and help determine whether the dynamics observed here are typical of industrial
strains or specific to SC6. Running similar evolution experiments with model organisms
such as S. coelicolor or S. venezuelae would also make it easier to link adaptation to
existing datasets. This would also allow the study of the evolutionary dynamics across

species.

Only one replicate population from the evolution experiment was studied with genomics
or transcriptomics. Extending this analysis to the replicate experiments would give a
more comprehensive view of how parallel these genomic and transcriptomic mutations
are. As transcriptomics revealed far more about strain behaviour than genomics alone,
other omics layers should also be explored. Proteomics, lipidomics and metabolomics

could all identify changes in metabolism or physiology that were not apparent here.

Finally, given Bar-seq has been shown to be a powerful tool to study population
dynamics, Bar-seq itself can now be applied much more broadly. It allows direct

competition assays between strains that cannot be told apart by phenotype alone and
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that metagenomics cannot separate. This could be used not only in Streptomyces
fermentations, but also in experiments on phage-host interactions, fungal interactions,

or mixed bacterial communities.

7.13 Conclusion

This thesis has shown that Bar-seq can be used to reliably track S. clavuligerus
populations during fermentation and that it reveals dynamics invisible to traditional
methods. Strain instability was found mainly in TSB and seed stages, whereas
populations in production-relevant CM5 media remained stable even at scale, meaning
instability is not the main driver of variable CA titres. Long-term experiments
demonstrated that adaptation still occurs, primarily through subtle regulatory changes
that gave strong fithess advantages without obvious phenotypic shifts. These results
highlight the need for tools like Bar-seq, competition assays and integrated omics to

properly understand and manage strain behaviour in industrial fermentations.
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