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Abstract 
Antibiotic resistance in bacteria is reaching a tipping point, with rising numbers of infections 

untreatable with clinically available antibiotics. Reducing the human cost caused by increasing 

antibiotic resistance requires a new approach; combining the introduction of new antibiotic 

compounds with changing behaviours towards these miracle drugs. This work focuses on 

inhibitors of bacterial cell-wall synthesis, with a focus on two potential future antibiotics of 

clinical importance, teixobactin and moenomycin A. Despite differential mechanisms of action, 

both compounds are viewed to be recalcitrant to the development of resistance. 

Initially, the structure/activity relationship of teixobactin was investigated, biologically testing 

the activity of synthetic teixobactin analogues. Highlighting the importance of D-oriented amino 

acids in the peptide chain and identifying multiple analogues that retained activity, despite 

substitution of the rare L-allo-enduracididine. Following this, the role of individual residues in 

the peptide chain was assessed through ‘alanine scanning’, identifying residues amenable to 

modification and facilitating improved delivery to Gram-negative bacteria. With the 

establishment of a library of potent synthetic teixobactin analogues, their in-vivo activity was 

assessed using G. mellonella, identifying analogues with efficacy comparable to vancomycin. 

Access to biologically active synthetic teixobactin analogues facilitated other avenues of 

research. To assess overlapping antibiotic resistance pathways that develop from ‘target-

adjacent’ mechanisms of bacterial inhibition, de-novo resistance was induced to both arg10-

teixobactin and moenomycin A through multi-step serial passage. Over 45 days (~300 

generations) the average tolerance of Staphylococcus aureus increased >3-fold to arg10-

teixobactin but increased ~1000-fold towards moenomycin A over the same period. 

Demonstrating that Staphylococcus aureus can develop significant resistance to arg10-

teixobactin and moenomycin A within clinically meaningful timescales. The costs, consequences 

and genetic basis of resistance was assessed from the evolved strains, allowing interpretation of 

the mechanisms underpinning the acquired resistance. 

The first identification of acquired resistance to a teixobactin analogue led to an investigation 

into the pre-existing resistome of arg10-teixobactin. This utilised next-generation sequencing 

technology to identify changes in the soil microbiome following antibiotic treatment, focusing 

on the impact of wastewater-effluent on the associated soil resistome. This identified a core 

bacterial population that survived regardless of sampling location, though the mechanism of this 

‘resistance’ or ‘persistence’ has not yet been determined. 

This work contributes to future efforts in counteracting antibiotic resistance. This has been 

achieved through the development and optimisation of synthetic teixobactin analogues, 
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identifying pathways to resistance against clinically promising compounds (moenomycin A and 

arg10-teixobactin) and assessing the extent of pre-existing environmental resistance to arg10-

teixobactin. 

 

Aims 
1. To develop and test novel teixobactin analogues, identifying structure/activity 

relationships to inform future analogue design 

2. To assess the rate and mechanisms of de novo resistance against arg10-teixobactin 

and moenomycin A 

3. To investigate the breadth of pre-existing resistance amongst culturable and non-

culturable environmental bacteria to arg10-teixobactin 
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Chapter 1 - Introduction 
1.1 Infectious disease 

Human history could also be viewed as a history of disease, beginning with ancient trade and 

travel between previously independent populations. These ancient interactions facilitated the 

spread of geographically isolated pathogens into urban centres, resulting in the ongoing global 

struggle to control disease. 

The average human body is comprised of approximately 1013 human cells but carries as many as 

1014 single-celled organisms including bacteria, fungi and protozoa (Sender et al., 2016). Much 

of this biodiversity is localised to specific areas of the body, not causing harm to their host 

(Cogen et al., 2008). Indeed, there is a growing body of evidence highlighting the vital role single-

celled symbiotes play in the success of multicellular life (Fraune & Bosch, 2010). Many of these 

commensal bacteria have co-evolved with their host species to fill a vacant niche, rarely causing 

disease without a trigger such as a weakened immune system or local tissue damage (Chow et 

al., 2010).  

Unlike symbiotes, pathogens can evade or overcome the host’s immune system, facilitating 

replication and infection of additional hosts without providing a mutual benefit (Finlay & 

Mcfadden, 2006). The ability to survive and reproduce at the expense of a multicellular host is 

an attractive niche, so much so that nearly every taxa of life has an array of organisms capable 

of parasitising them (Balloux & Van Dorp, 2017). Single-celled pathogens can be bacterial, fungal, 

viral, protozoan or prions and the physiological distribution is vast, and although the study of all 

pathogens is crucial, the focus of this work is specifically on the control of bacterial pathogens. 

Pathogens exhibit varying levels of host specificity, Y. pestis for example is able to cause disease 

in almost any mammalian species (Woolhouse & Gowtage-Sequeria, 2005). In contrast V. 

cholerae is a human specific pathogen, with little capacity for causing disease in close relatives 

even at high infectious loads (Pan et al., 2014). Though these are two extreme examples, with 

most pathogens somewhere in-between, the complex molecular machinery required for 

pathogenesis make predicting host specificity a challenge (Lupolova et al., 2017). Furthermore, 

the transfer of virulence on mobile genetic elements make for unpredictable epidemiological 

assessments when assessing novel pathogens (Berngruber et al., 2013). 

To limit the damage that an unchallenged infection can cause, a variety of host defence 

mechanisms have evolved to prevent of limit pathogenic infection. The result is an ongoing 

evolutionary ‘arms-race’ between host and pathogen (Anderson et al., 2010).  
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Though the molecular mechanisms of pathogen defence are diverse, they are evolutionarily 

ancient. The innate immune system of animals contains multiple biological machineries 

analogous to plant-defence mechanisms (Suckale et al., 2005). Innate immunity relies upon the 

recognition of Pathogen-associated molecular pattern molecules (PAMPs) (Kawai & Akira, 2010). 

In humans, upon PAMP recognition a biochemical cascade activates the complement system, 

designed to kill or slow the spread of invasive pathogens, working in tandem with other aspects 

of the immune system (Merle et al., 2015). Alongside the complement response, the innate 

immune system utilises leukocytes to eliminate foreign particles, including but not limited to 

invading microorganisms. Whilst destroying the infective agent leukocytes simultaneously 

release cytokines, signalling molecules that induce local inflammation, recruiting additional 

immune cells to the area (Wadhwa et al., 2002). 

Vertebrates supplement innate immunity with an adaptive immune system. Though slower to 

respond to the initial infection, the adaptive immune system produces highly specific antibodies 

to identify and destroy foreign bodies (Dempsey et al., 2003). The adaptive immune system also 

possesses a strong ‘immunologic memory’, allowing the host to resist future infections (Netea 

et al., 2019). 

Despite the hurdles to becoming a successful pathogen, many bacterial species have adapted 

mechanisms that enable parts of their life cycle to take place within a host. Pathogens are 

frequently separated into either facultative or obligate. Facultative pathogens can reproduce in 

the absence of a host (Casadevall, 2008). Most facultative pathogens rarely cause severe disease 

in healthy individuals. They instead make up the majority of hospital acquired infections, capable 

of readily capitalising on the disproportionately large local population of immunocompromised 

hosts (Khan et al., 2015). In contrast obligate pathogens are unable to replicate outside of a host. 

All viruses are obligate pathogens, but there are also several bacteria, these are largely bacterial 

pathogens that have dogged humanity throughout history, including Y. pestis and M. 

tuberculosis (Casadevall, 2008).  

What then is the advantage granted to a pathogen in exchange for the ability to reproduce 

within a host and cause disease? Following initial infection, by causing damage to local tissue, 

additional colonisation sites are created that facilitate further reproduction. This is frequently 

achieved through the expression of toxins, such as botulinum toxin that targets host-specific 

antigens (Vale et al., 2016). Many bacterial exotoxins are encoded by bacteriophage, resulting 

in a three-way evolutionary interplay for survival and reproduction (Boyd, 2012). Many toxins 

can cause post-translational modifications or hijack signalling cascades, triggering changes in the 

physiology of host cells (Lemichez & Barbieri, 2013). Other toxins do not directly damage local 

tissue, instead inducing a widespread physiological response, such as cholera toxin. The extreme 
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loss of water across the intestine facilitates the contamination of water sources and subsequent 

infection of additional hosts (Holmgren et al., 1993). Though toxin activity is crucial to the initial 

infection and success of many pathogens, the worst damage caused by an advanced infection is 

often caused by the excessive response of the immune system itself (Chaplin, 2010). This 

counterintuitively provides an environment allowing uninhibited replication of the pathogen, 

which when untreated can result in systemic infection and poor clinical outcomes (Thomer et 

al., 2016).  

Humanity has shaped by the outbreak and control of disease, to this day the effect of the 

Justinian plague on the eventual fall of the Roman Empire is still a matter of strong debate 

(Harbeck et al., 2013; Mordechai et al., 2019). Indeed, the First World War is believed to have 

been the first war in human history to have resulted in more casualties as a result of combat 

rather than disease (Pennington, 2019). This history of suffering and death as a result of infection 

has, particularly since the advancement of germ theory, driven research into the causes, 

prevention and treatment of disease. 

1.2 Discovery of antibiotics 

As the single largest cause of human death through history, it is not surprising that there have 

been countless attempts to control the spread of bacterial infection. Prior to the modern 

antibiotic age there were a range of methods, ranging from the scientific to the mystical (Runcie, 

2015). As dense urban population centres expanded, the implementation of sewerage and clean 

water systems became a proven method of improving public health, even before the 

understanding of germ theory (Neiderud, 2015). 

Modern analyses have identified numerous active antibiotic compounds isolated from 

traditional folk medicines ranging from flora, fauna and metals, knowledge of their usage passed 

down through the generations and discovered through trial and error (Keyes et al., 2008). 

Though these treatments clearly lacked the finesse of modern medicine, it does challenge the 

notion that every minor scratch would lead to inevitable death. For much of human civilisation 

though, prevention of disease has been superior to its treatment. The most famous of which is 

the introduction of inoculation in 1796, whereby exposure to cowpox would grant immunity 

against the more severe smallpox (Riedel, 2005). Despite the broad implementation and success 

of this, it would not be until the 20th century that mass immunisation for bacterial diseases such 

as diphtheria and tetanus would be possible (Stern & Markel, 2005). 

The early 20th century saw the widespread acceptance of germ theory as a model of disease, 

resulting in the identification of several preparations capable of killing bacteria. However these 

often contained heavy metals such as lead and mercury, causing worse side effects than the 
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infection itself (Schwartz, 2004). The dawn of the modern era of antibiotics began with the 

discovery of penicillin in 1928 (Fleming, 1929). Despite promising data, including the treatment 

of an infection in guinea pigs, Fleming was unable to attract any chemists to his work and moved 

on (Aminov, 2010). It was not until 1941 that a penicillin purification protocol was published, 

allowing for clinical testing and subsequent widespread introduction (Chain et al., 2005). The 

clinical introduction of penicillin was no small achievement, in 1941 the United States did not 

have enough penicillin to treat a single patient, in 1942 sufficient stock had been stockpiled to 

treat up to 100 patients and by mid-1943 production reached adequate levels to treat the entire 

Allied armed forces (Gaynes, 2017).  

The societal effects stemming from the discovery and use of antibiotics reaches far beyond the 

treatment of community acquired infections. Prophylactic treatment with antibiotics allowed 

surgeons to push the boundaries of surgery. Allowing for treatment of conditions within deep 

tissue, particularly organ transplants and oncological intervention (Harbarth et al., 2000). In 

recent years the need for prophylactic treatment has been reduced by advanced surgical 

techniques, building upon those early advances (Classen et al., 1992). 

The twenty years following the introduction of penicillin are frequently referred to as the ‘golden 

age’ of antibiotic discovery. New antibiotic classes, as well as additional compounds within 

existing classes, were seemingly constantly being discovered, with many compounds still central 

to modern medicine discovered in this era (Gould, 2016). Almost all available antibiotic classes 

with compounds licensed for use were discovered in this period, with only two classes of 

systemic antibiotics discovered in the decades since (Fig 1) (Fernandes & Martens, 2017). 

Though many new antibiotics have been introduced in the years since, they are mere extensions 

of existing classes (Coates et al., 2011). This is almost inevitable as existing structural data from 

analogous compounds aids in the design of new structures, however overlapping mechanisms 

of action often lead only to temporary patches over antibiotic resistance (Coates et al., 2011; 

Maxwell et al., 2019).  

 

Figure 1 A timeline documenting antibiotic introduction: highlighting the earliest introduction of antibiotics vital to 
the control of infectious disease. 

2020 
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1.3 Antibiotic classes  

To avoid confusion, from this point on the term ‘antibiotic’ will be used to describe compounds 

that are used or developed to kill or inhibit bacteria through specific interactions with cellular 

targets. 

Antibiotics are often divided into those that kill bacteria directly and those that inhibit bacterial 

metabolism/growth, bactericidal and bacteriostatic respectively (Nemeth et al., 2014). It is 

generally accepted therefore that in immunocompromised patients it is important to treat an 

infection with a bactericidal agent (American Thoracic Society, 2005). It must be remembered 

however that this is a somewhat arbitrary definition of activity, with antibiotics such as 

rifampicin generally displaying bactericidal activity against Gram-positive bacteria and 

bacteriostatic activity against Gram-negative bacteria (Yamori et al., 1992). This is further 

complicated by the confines of in-vitro laboratory experimentation, antibiotic testing under lab 

conditions can result in wildly different outcomes compared with in-vivo results (Adamowicz et 

al., 2018; Hoogeterp et al., 1989). 

There are relatively few molecular targets that have been successfully exploited by antibiotics, 

almost all of them target pathways of macromolecule synthesis. When considering a potential 

target, it is important that the pathway is either absent from or lacking homologous synthetic 

machinery in the host (Cunha, 2001). The ideal antibiotic would have multiple targets, reducing 

the risk of spontaneous resistance development, but few compounds are able to achieve this 

without associated host toxicity (Silver, 2016). Further to ‘traditional’ antibiotic targets, several 

non-essential molecular sites have been suggested as targets for drug design. Inhibiting 

virulence factor cascades or quorum sensing systems would not kill, or necessarily even inhibit 

the growth of, a bacterial cell but instead limit its virulence (Annunziato, 2019). Currently it 

appears that such inhibitors would likely act better as supplemental therapies for traditional 

antibiotics, though the field is still under development (Ruer et al., 2015). 

These limitations mean that the entire library of antibiotic classes with systemic activity available 

can be categorised under just three primary targets in bacteria (Fig 2): 

• The molecular machinery that synthesises nucleic acids 

• The molecular machinery that synthesises proteins 

• The cell wall and membrane surrounding the cell 
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Figure 2 The major molecular targets for antibiotic families: highlighting the small number of targets and the 
overlapping mechanisms of action for many important antibiotic families (Kapoor et al., 2017) 

1.3.1 DNA and RNA synthesis 

DNA and RNA are crucial molecules underpinning all known life, a constant supply of nucleotides 

is required for their synthesis (Espeli & Marians, 2004). Folic acid is a key cofactor for many 

methyltransferases, particularly those in the synthetic pathways of serine, methionine, 

thymidine and purine (Bermingham & Derrick, 2002). Antifolates such as trimethoprim result in 

a depletion of nucleotide reserves, halting DNA/RNA synthesis and putting the cell into 

metabolic stasis (Kompis et al., 2005). 

Quinolone family antibiotics, such as ciprofloxacin, target DNA gyrases (topoisomerase II) and 

topoisomerase IV (topoIV). Upon binding, these enzymes are locked in the DNA cleavage 

conformation, preventing unzipped DNA strands from re-joining (Chen et al., 1996). Though the 

enzyme specificity and mode of action for quinolones varies, the general effect is to arrest DNA 

replication machinery through multiple double-stranded DNA breaks inducing a bacteriostatic 

effect leading to eventual cell death (Drlica et al., 2008). 

RNA is, primarily, responsible for directing and regulating cellular protein expression; thus, the 

inhibition of its’ activity has a profound effect upon cellular metabolic control. Rifamycin and 

the semi-synthetic derivative rifampicin, inhibit transcription through binding in the active 

pocket away from the active site of the rpoB subunit of DNA dependent RNA-polymerase 

prevents extension of the RNA backbone (Campbell et al., 2001). The resultant inhibition of 

transcription results in the  

The resultant inhibition, total inhibition of protein synthesis (Floss & Yu, 2005).  

1.3.2 Protein expression 

Protein synthesis is crucial to cellular adaptation and survival, the ribosome translates mRNA 

into a growing amino acid chain (Battle et al., 2015). The ribosome of bacteria is made up of the 

unique 50S and 30S subunits, and so is an ideal inhibition target (Poehlsgaard & Douthwaite, 
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2005). The high degree of conservation within bacterial ribosomal subunit structure makes 

direct inhibitors of protein synthesis some of the broadest spectrum antibiotics available (Pathak 

et al., 2017).  

There are a number of classes of antibiotics that act via inhibition of the ribosomal 50S, these 

include but are not limited to the macrolides and amphenicols (Katz & Ashley, 2005; Mukhtar & 

Wright, 2005). Though specific binding motifs vary between classes, the majority of ribosomal 

50S inhibitors act through physically blocking the translocation of peptidyl-tRNAs. This impedes 

the peptidyltransferase reaction required to elongate the nascent peptide chain. 

Tetracyclines and aminoglycosides are inhibitors of the ribosomal 30S and are some of the 

broadest spectrum antibiotics available. Tetracyclines restrict aminoacyl tRNA access to the 

ribosome, preventing the attraction of the corresponding amino acid and thus halting peptide 

chain elongation (Chopra & Roberts, 2001). Aminoglycosides are the only class of ribosome 

inhibitors to broadly exhibit bactericidal activity. For most aminoglycosides this is achieved 

through binding to the 16s rRNA subunit of the 30S, this causes a conformational change in the 

ribosomal-mRNA complex resulting in tRNA mismatching leading to mistranslation in protein 

synthesis (Pape et al., 2000).  

1.3.3 Cell wall and membrane 

Bacterial outer membrane 

The bacterial outer membrane is a distinct structure that envelopes Gram-negative bacteria, 

facilitating selection over the influx and efflux of solutes from the periplasmic space (Hiroshi 

Nikaido, 2003). The unique combination of lipopolysaccharides, outer-membrane proteins and 

phospholipids are synthesised within the cytoplasm before being transported to the outer 

membrane (Ruiz et al., 2006). The integral nature of the bacterial outer membrane to the 

survival of Gram-negative bacteria make it one of the only unique targets amenable to the 

development of antibiotics specifically targeting Gram-negative species, with polymyxin family 

compounds highlighting the potential of the membrane as a target (Velkov et al., 2013; Velkov 

et al., 2010). 

Bacterial cell wall 

The bacterial cell wall is essential for cellular survival and growth, unique to bacteria for the use 

of peptidoglycan as the core building block of the structure. The integral nature of the cell wall, 

and specifically peptidoglycan, make it an appealing target for inhibition (Vollmer et al., 2008). 

The cell wall is a heterogeneous insoluble matrix providing structure to the entire cell (Sauvage 

et al., 2008). Peptidoglycan is the primary component within the cell wall, formed of linear 

chains of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) sugars 
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forming a mesh-like layer held together by short penta-peptide chains (Fig 3) (Cadby & Lovering, 

2014). The structure of these peptide side chains is largely conserved across bacteria, with most 

variation around residue 4 of the chain (Tab 1) (Vollmer et al., 2008). 

 

Figure 3 The location of action of cell wall antimicrobials used in this study: peptidoglycan precursors are synthesised 
into lipid II in the cytoplasm. This is “flipped” across the membrane by the transport lipid (undecaprenyl phosphate). 
The glycosyltransferase (GT51) catalyses polymerization of the nascent peptidoglycan chain from lipid II (Cadby & 
Lovering, 2014).  Mechanisms of action: moenomycin A (shown in red) binds to the active site of a GT51 
glycosyltransferase inhibiting the formation of the glycan bond (Lovering et al., 2007).  Vancomycin and teicoplanin 
bind to the terminal D-alanyl-D-alanine moieties of the NAM/NAG-peptides preventing peptidoglycan formation (J.-
G. Lee et al., 2004).   Nisin and teixobactin interact with the pyrophosphate of lipid II (Fiers et al., 2017; Hasper et al., 
2006) . Bacitracin affects the phosphorylation of C55-isoprenyl pyrophosphate and related bactoprenol pyrophosphate 
by binding to the pyrophosphate of these molecules. These lipids function as membrane carriers which are “flipped” 
back into the cell and recycled for Lipid II metabolism (Stone & Strominger, 1971) Adapted from: (Typas et al., 2011). 

The crucial role of the bacterial cell wall has resulted in a biosynthetic pathway that is highly 

conserved between bacterial species. The synthesis of peptidoglycan can be divided into three 

distinct stages: the cytoplasmic stage, the membrane-associated stage and the exocytoplasmic 

stage (Jean Van Heijenoort, 1994). In the cytoplasm the process begins with the synthesis of 

GlcNAc and MurNAc monomers. GlcNAc is an important biochemical precursor in a variety of 

metabolic pathways, the final product of the hexosamine pathways regulated by Glm family 

enzymes (De Queiroz et al., 2019). MurNAc is a derivative of GlcNAc, synthesised by a two-step 

reaction catalysed by MurA and MurB (Mccoy et al., 2003). The pentapeptide stem is then built 

stepwise onto the MurNAc molecule by Mur C-F (Smith, 2006).  

Table 1 The differential penta-peptide stem of peptidoglycan: The most common structure of the penta-peptide stem 
cross-linking peptidoglycan in Gram-positive, Gram-negative and mycobacterial species, denoted using standard three 
letter amino acid code (Vollmer et al., 2008). 

Position Gram-positive Gram-negative Mycobacterium 

1 L-Ala L-Ala L-Ala/Gly 

2 D-Gln D-Glu D-Gln 

3 L-Lys meso‐Dap meso‐Dap 

4 D-Ala D-Ala D-Ala 

5 D-Ala D-Ala D-Ala 
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The addition of MurNAc to the membrane bound lipid C55-undecaprenyl phosphate forms lipid 

I. This allows for MurG to catalyse the addition of a GlcNAc monomer to complete the synthesis 

of lipid II (Jean Van Heijenoort, 2007). The entire lipid II molecule is then flipped through the 

membrane outside of the cell. The mechanism of this is still highly contentious, with three 

primary contenders proposed to function as lipid II flippase, FtsW, MurJ and AmJ (Ruiz, 2015). 

Still membrane bound, the extracellular lipid II complex is incorporated into a nascent 

peptidoglycan chain by glycosyltransferases (GTs) (Fig 3) (J. Van Heijenoort, 2001). The peptide 

side chain of each MurNAc/GlcNAc dimer within the chain is then cross-linked into the existing 

peptidoglycan mesh by transpeptidases (TPs). These include the β-lactam target penicillin 

binding proteins (PBPs) and are crucial to growth and remodelling of the bacterial cell wall 

(Goffin & Ghuysen, 2002).  

Beta-lactams act through the inhibition of multiple PBP proteins, preventing crosslinking of the 

peptide stem (Tomasz, 1979). Vancomycin effects the same inhibition of peptide stem 

crosslinking, but through binding to the D-Ala – D-Ala dipeptide, this inhibits both GT and TP 

activity (Cooper & Williams, 1999). Other approaches to inhibiting cell wall synthesis act through 

preventing the dephosphorylation of C55-isoprenyl pyrophosphate, preventing the transport of 

MurNAc/GlcNAc disaccharides to the extra-cytoplasmic space halting growth of peptidoglycan 

(Stone & Strominger, 1971). The common result of these inhibition strategies is to prevent the 

bacterial cell from synthesising and remodelling the cell wall, this inhibits growth and often 

results in eventual cell lysis (Tomasz, 1979). 

The focus of this work is moenomycin A and teixobactin, two potent cell wall inhibitors. 

Moenomycin family antibiotics compete for the GT active site, reversibly binding the donor 

region of the GT domain to prevent extension of the nascent peptidoglycan chain (Ostash & 

Walker, 2010). Unlike many of the other cell wall inhibitors discussed, teixobactin primarily acts 

through binding of the metabolite Lipid II alongside binding of other cell wall precursors (Ling et 

al., 2015). Crucially, both compounds have demonstrated promising resistance profiles, with no 

naturally occurring adaptive evolution identified to date. 

1.4 Antibiotic resistance 

Fleming himself urged caution in his 1945 Nobel prize acceptance speech against the misuse of 

penicillin, lest bacteria become resistant to its activity. He was of course correct to be cautious, 

with the first resistant clinical strain identified only two years later (Demerec, 1949). This 

became a pattern that has been observed time and again with each new antibiotic introduced. 

For some such as vancomycin the time delay was almost thirty years, whereas for other 

https://en.wikipedia.org/wiki/C55-isoprenyl_pyrophosphate
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compounds resistant strains were identified almost immediately after widescale introduction 

(Normark & Normark, 2002).  

 

Figure 4 A timeline highlighting the development of clinically significant antibiotic resistance: (blue) following their 
introduction (green) 

Evolution is always driving the selection of the fittest individuals in their environment. Novel 

adaptations providing a survival advantage radiate through a population increasing the 

prevalence of advantageous phenotypes. The mass usage of antibiotics has not created 

antibiotic resistance (AMR) but, in conjunction with rapid globalisation and poor antibiotic 

stewardship, it has provided ideal conditions for the proliferation of AMR (Fig 4) (Baker et al., 

2018; Cižman & Plankar Srovin, 2018). Most antibiotics have their origins in the soil, which makes 

it unsurprising that ancient resistance mechanisms to modern antibiotics have been found that 

predate the modern age (D’costa et al., 2011; M. L. Nelson et al., 2010). 

In the USA alone almost 270 million antibiotic prescriptions were given in 2015, the largest 

proportion of which were provided by primary care physicians (Hicks et al., 2015). The lack of 

rapid diagnostics to identify the species responsible for an infection and its resistance profile 

mean that, by necessity, most of these prescriptions are broad spectrum-antibiotics (Mölstad et 

al., 2017).  

Though advantageous in clinical care, broad spectrum-antibiotics are powerful driving factors of 

AMR. Through non-specific activity a large proportion of the host microbiome is affected 

alongside the pathogen causing the infection, though most of the microbiome is non-

pathogenic, they are still subject to the same selection pressures that promote AMR (Om et al., 

2020 
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2016). As such broad spectrum treatments increase the likelihood of selecting for adaptations 

conveying resistance, if this is on a mobile genetic element (MGE) then it may readily spread to 

other bacteria in addition to providing an AMR reservoir that can readily replicate outside of a 

clinical setting (Sultan et al., 2018). 

Bacterial species are categorised as either Gram-positive or Gram-negative. Gram-positive 

bacteria present a thick cell wall surrounding the cytoplasmic membrane, whereas Gram-

negative bacteria have only a thin cell-wall but an additional outer (Mai-Prochnow et al., 2016). 

This distinction is key as many antibiotics are excluded by, or removed via efflux through, the 

innate properties of the outer membrane preventing access to their intended target (Silver, 

2016). 

The ESKAPE pathogens are six bacterial species determined to be of greatest threat to life due 

to AMR (Pendleton et al., 2013). They are the pathogens most frequently associated with 

hospital-acquired infections, and though they can cause disease in the general community, the 

weakened immunity of many hospital patients combined with broad resistance mechanisms 

result in a growing number of deaths caused by untreatable infections (Santajit & Indrawattana, 

2016). 

 

 

Figure 5 The interconnected sources and resevoirs of AMR: hightighting the intrinsic connections associated with the 
modern world (Cantas et al., 2013) 

To facilitate the flexibility required for bacteria to adapt to a range of environmental stress, their 

genomes possess flexibility unmatched by eukaryotes. Antibiotics produced by local bacteria 

and fungi mean that antibiotic resistance adaptations predate the modern antibiotic era. At a 



12 
 

population level any stress tolerance mechanism is obtained either through de novo genetic 

mutations or by the acquisition of foreign DNA by horizontal gene transfer (HGT) (Munita & 

Arias, 2016). 

The mutation rate is the frequency of new mutations in an individual as a factor of time (Crow, 

1997). This varies between species but is generally higher in prokaryotes compared to 

eukaryotes, facilitating rapid adaptation (Wielgoss et al., 2013). If a mutation, or series of 

mutations, in a cell results in de novo increased tolerance to an antibiotic then this increases the 

chances of survival upon exposure to that antibiotic. Following antibiotic treatment, the 

susceptible population has been wiped out and the ecological niche becomes dominated by the 

tolerant strain (Martinez & Baquero, 2000). Because the required modification changes existing 

pathways, honed by generations of selection, they almost always result in a trade-off in cellular 

fitness. This reduces the retention rate of resistance in the absence of antibiotic selection 

pressures (Melnyk et al., 2015).  

Alternatively, bacteria can acquire foreign DNA and incorporate it through horizontal gene 

transfer (HGT), in one of three ways: Transformation of free DNA, phage mediated transduction 

and bacterial conjugation (C. M. Thomas & Nielsen, 2005). Though the uptake of DNA appears 

simple, very few species have the complex pathways required (Solomon & Grossman, 1996). 

Bacteriophage incorporate their genetic material into the host genome upon entry of the cell, 

there is a small chance of natural recombination into the host genome to become permanently 

incorporated (Fillol-Salom et al., 2019). Bacterial conjugation is the intentional transfer of 

genetic material between individual bacteria and can be inter-special. Conjugation events 

facilitate the transfer of mobile genetic elements, most commonly plasmids or transposons, 

across pili (Manson et al., 2010) (C. M. Thomas & Nielsen, 2005). 

Regardless of the force driving resistance acquisition, there are often multiple biochemical paths 

that can be modified to increase tolerance to one or more antibiotics. In some cases, these may 

stack upon each other increasing resistance or conveying multidrug resistance (H. Nikaido, 

2009). These mechanisms granting resistance can be divided into four distinct routes: 

• Modifying the antibiotic molecule 

• Excluding antibiotic from its target 

• Modification or bypass of target site 

• Cell-wide and population level modifications 

1.4.1 Modifying the antibiotic 

Many enzymes have been identified that, through the addition or removal of functional groups, 

sterically inhibit the native conformation of an antibiotic, reducing the affinity to its target. These 
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enzymes are drawn from several enzymatic families, many predating the modern antibiotic age, 

and provide resistance mechanisms to a swathe of antibiotics. The most well-known are the β-

lactamases, acting by breaking the amide bond of the β-lactam ring rendering the antibiotic 

inactive (Karen Bush, 2018; D’costa et al., 2011). Multiple waves of novel β-lactam compound 

introduction have been followed by subsequent spread of novel β-lactamase, a trend that will 

likely continue, with over 1000 known β-lactamases (K. Bush & Jacoby, 2010). The variety of 

functional characteristics and structure make classification of β-lactamases contentious. The 

Ambler classification divides them by the primary structure of the peptide chain, which also 

partially groups them according to their phenotypic characteristics  (K. Bush, 2013). 

β-lactams are not the only antibiotics inhibited this way, with the primary mechanism of 

aminoglycoside resistance facilitated by aminoglycoside modifying enzymes (AMEs) (Ramirez & 

Tolmasky, 2010). These enzymes act through the modification of -OH and -NH2 groups exposed 

on the sugar ring (Bonomo & Tolmasky, 2007).  

1.4.2 Modified antibiotic target 

An alternative mechanism to modifying the antibiotic is to change the antibiotic target. This has 

a similar effect by reducing the affinity of the antibiotic for its target and thus increasing 

resistance. An ideal model for this is the single point mutation in RNA polymerase (rpoB) that 

conveys high-level rifampicin resistance without having a significant impact on rpoB activity 

(Floss & Yu, 2005). Mutations do not have to occur in the DNA coding for the targeted enzyme, 

there are many post-translational modifications capable of reducing antibiotic binding. One such 

example is the erythromycin ribosomal methylation (erm) genes, facilitating resistance to 

erythromycin through methylation of the 50S ribosomal subunit near the erythromycin binding 

site (Leclercq, 2002). The methylated ribosome demonstrates reduced translation efficiency, 

and so in some resistant phenotypes is only activated when the presence of the antibiotic has 

prevented translation (Katz & Ashley, 2005). 

In some cases, the antibiotic target is not modified, but instead replaced. One such example is 

the exogenous transpeptidase PBP2a (mecA) associated with methicillin resistant S. aureus 

(MRSA). Initially acquired through horizontal transmission, the transpeptidase has a low affinity 

to most β-lactam antibiotics allowing for uninhibited growth due to the penicillin-insensitive 

transglycosylase PBP2 (Fishovitz et al., 2014).  

1.4.3 Exclusion from the target 

Except for antibiotics with cell-surface targets such as β-lactams, many molecular targets are 

inside of the cell membrane, and in Gram-negative bacteria the cell wall is also behind a 

membrane. As such if the antibiotic can be kept outside of, or removed from, the cytoplasm 
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then the cell becomes functionally resistant (Delcour, 2009). Bacterial membranes are a crucial 

boundary between its cellular machinery and the local environment, acting as the first line of 

defence against toxic compounds, including but not limited to antibiotics (Hiroshi Nikaido, 

2003). The bacterial membrane was once believed to be little more than a homogenous lipid 

bilayer. This has since been shown to be false, with complex matrices comprising phospholipids, 

lipopolysaccharides and proteins including porins (May & Grabowicz, 2018). Changes in 

quantity, function or type of porin expressed in the cellular membrane is a common mechanism 

of low level AMR to a range of compounds (Hasdemir et al., 2004; Quinn et al., 1986). 

If a compound cannot be kept outside of the cell, then efflux systems may be able to remove it. 

Efflux pumps may be either highly specific or very broad in the substrates they can remove, 

falling into one of five major family’s determined by primary structure and energy source (Blanco 

et al., 2016). The expression and maintenance of efflux pumps requires metabolic remodelling 

to compensate for the fitness costs (Pacheco et al., 2017). Despite their associated costs they 

are a powerful survival mechanism that can readily facilitate multi-drug resistance, making 

bacteria such as A. baumannii dangerous opportunistic pathogens (Coyne et al., 2011; Sun et al., 

2014).  

1.4.3 Alternative resistance mechanisms 

Sometimes these mechanisms are not possible, come at too great of a fitness cost or are simply 

impractical, in these cases broader metabolic changes are required. These include the thickening 

of the cell wall in S. aureus following repeated exposure to vancomycin at sub-lethal 

concentrations, leading to an increase in minimum inhibitory concentration (MIC) beyond the 

clinical breakpoint (Howden et al., 2010). Interestingly the phenotypic change is not dependent 

upon the acquisition of foreign DNA, instead arising as a result of sequential point mutations 

(Gardete & Tomasz, 2014). 

Changes of highly conserved pathways such as cell-wall synthesis and structure are rare, a result 

of generations of optimisation leading to little variation across all bacteria. Vancomycin acts 

through prevention of peptidoglycan by binding the terminal D-Ala-D-Ala of the pentapeptide 

sidechain. The acquisition of the van gene cluster modifies the synthesis of peptidoglycan to 

either D-Ala-D-lactate or D-Ala-D-Serine reducing the affinity of vancomycin (Miller et al., 2014). 

1.5 Development of new antibiotics 

The repeated development and spread of AMR threatens a return to the lack of clinical 

intervention in infection to the pre-antibiotic age, already there are a growing number of 

infections cannot be controlled with available treatments. If the situation fails to improve, the 

economic and societal costs are expected to reach $100 trillion a year and 10 million annual 
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deaths by 2050 (O'neill, 2014). Despite the long predicted increase in AMR, there has been a 

distinct absence of new antibiotics introduced to market, with no novel classes introduced since 

the 1980s and a small number of derivative compounds to fill the gap (Concia et al., 2016). The 

current framework guiding the introduction of new antibiotics has been a total failure in the face 

of this growing crisis. The limits of scientific and regulatory systems have stalled economic 

investment, with poor risk-adjusted future profits compared with other diseases (Sharma & 

Towse, 2010). Though these obstacles can be overcome, it will only be through a combined 

approach that success can be achieved. The basic pipeline used to discover novel antibiotics is, 

at its core, unchanged from the ‘golden age’ of discovery. Therefore, it is not surprising that time 

and again the same scaffolds are identified (Brad Spellberg, 2014). Though these compounds 

may initially be promising, decades of using analogous compounds appears to facilitate bacteria 

acquiring resistance to new treatments (Silver, 2016). 

The future management of antibiotics, particularly new compounds, will need to be overhauled 

to maximise the effective lifetime of these compounds. This will require an internationally 

agreed upon effort across a multitude of fields but is crucial in maintaining the ability of clinicians 

around the world to effectively treat infections (B. Spellberg et al., 2011).  

1.6 Antibiotics of interest 

To overcome the growing AMR crisis requires a different approach to discovery than has been 

used to date. Revisiting old compounds that showed promise and utilising broader culturing 

techniques are just two avenues that future AMR research should explore. Herein described are 

two compounds that show such potential. 

1.6.1 Moenomycin A 

Moenomycin A (MoeA) was first discovered in 1965, the first of a number of moenomycin family 

antibiotics isolated from streptomyces bacteria throughout the 1960s and 70s (Fig 6) (Ostash & 

Walker, 2010; Wallhausser et al., 1965). Moenomycin family antibiotics are unique natural 

compounds for their mode of action. Peptidoglycan synthesis is inhibited not through 

competition with lipid II for the GT binding site, but through binding to the GT donor-binding 

site, preventing access of lipid II to the enzyme active site (Fig 3), halting extension of the nascent 

peptidoglycan chain (Halliday et al., 2006). Moenomycin A possesses potent in-vitro activity, 

exhibiting activity at 10 to 1000-fold lower molar concentrations than vancomycin across several 

Gram-positive species. This activity is not maintained against Gram-negative or mycobacterial 

species, most likely excluded by additional the physical barrier, preventing delivery to GT 

enzymes. Most E. faecium species, despite being Gram-positive, are also intrinsically resistant 
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to MoeA. This has been largely attributed to non PBP family GT enzyme activity (Butaye et al., 

2003). 

Despite the potent activity of moenomycin family antibiotics, poor bioavailability limits their 

applications (Adachi et al., 2006). The addition of serum or blood to a moenomycin containing 

medium suppresses antibiotic activity, most likely due to ‘non-specific capture’ at membrane 

surfaces (Volke et al., 1997). This capture appears a result of the long lipid tail, unfortunately 

this tail is crucial to maintaining antibiotic activity. Only two variations of the lipid chain have 

been identified with any activity (Adachi et al., 2006). Though systemic applications are limited, 

MoeA has been shown to successfully cure a subcutaneous infection in a mouse model (Ostash 

& Walker, 2010). 

 

Figure 6 The structure of Moenomycin A: highlighting the polar phosphate groups (cyan) and hydrophobic (magenta) 
lipid tail. 

Despite suboptimal pharmacokinetics in-vivo, moenomycin family antibiotics were successfully 

commercialised as animal feed supplement flavomycin (Prasad et al., 1972). As a growth 

promoter flavomycin has been widely used to great effect, it was outlawed along with all other 

antibiotic feed supplements in the EU in 2006, though is still licensed for use in the USA and 

other countries (Gallo et al., 2010). Despite extensive use for several decades, there have to date 

not been any reports of significant adaptive resistance arising to moenomycin (Pfaller, 2006). 

This should not be overlooked, agricultural usage has been identified as the origin of significant 

resistance to many clinically relevant antibiotics, and the absence of resistance to moenomycin 

family antibiotics make this a compound worth further study (Witte, 1998). 

1.6.2 Teixobactin 

The early years of microbiology saw a boom in the number of bacterial species which 

unexpectedly plateaued, this came to be known as ‘the great plate count anomaly’. At the time 

many microbiologists postulated that this was simply because the ‘missing’ bacteria were 

present but simply not being successfully cultured. It was not until decades later, and the advent 

of metagenomic technologies, that it could be proven that only approximately 1% of all bacterial 
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species could be cultured using existing techniques (Delmont et al., 2011). In recent years 

innovations building on these traditional methods, using devices such as the iChip, it has become 

possible to culture as much as 95% of bacteria species (Nichols et al., 2010). This new 

methodology was used to screen thousands of novel, previously unculturable, bacterial species 

for antibacterial activity against S. aureus. One isolate, the previously uncultured E. terrae, 

produced a zone of inhibition on an S. aureus lawn, resulting in the subsequent identification of 

teixobactin (Ling et al., 2015). Teixobactin is a unique 11 amino acid depsipeptide, including four 

D-amino acids and a rare enduracididine residue (Fig 7). 

 

Figure 7 The structure of teixobactin: (left), with enduracididine highlighted in blue and D-oriented residues highlighted 
in red. On the right is arg10-teixobactin where the side chain of the amino acid at position 10 has been replaced with 
arginine   (Parmar, Iyer, Lloyd, et al., 2017). 

The discovery of teixobactin caused excitement for its potent activity against a broad panel of 

Gram-positive bacteria, promising in-vivo efficacy and ‘ability to kill without inducing resistance’ 

(Ling et al., 2015). It appears that this potent activity is achieved through binding to cell wall 

precursors, including lipid II and lipid III (Ling et al., 2015). There is also evidence of strong 

binding to cell-wall teichoic acid, resulting in the release of autolysins, contributing to the potent 

bactericidal activity observed (T. Homma, Nuxoll, Brown, et al., 2016). 

The steric flexibility of teixobactin, coupled with the difficulty of obtaining lipid II has made 

identifying precise mechanism of action for teixobactin difficult (Parmar et al., 2017; Qiao et al., 

2017). Using a truncated teixobactin analogue a crystallographic structure was obtained with a 

trapped chloride ion, demonstrating a ‘cage-like’ structure forming around the negatively 

charged chloride by the peptide ring (Yang et al., 2017). This is thought to mimic the binding 

motif that teixobactin employs to trap the phosphate group presented by lipid II, inhibiting 

delivery of cell wall precursor molecules and leading to cell stasis and death. For bioactivity to 

be achieved it and lipid II to be effectively captured the backbone of teixobactin must form an 

antiparallel beta-sheet dimer, this facilitates molecular docking of the backbone and leaves the 

macrocyclic ring able to bind the pyrophosphate group of Lipid II (Zong et al., 2019).  As with 

many other cell wall inhibitors with potent bactericidal activity, this is unlikely to be the sole 

mechanism of action (Kohanski et al., 2010). If this is the case, then it would in part explain the 

lack of propensity for resistance to arise, with multiple pathways requiring simultaneous 
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pathways to overcome the inhibition (Silver, 2016). This is thought to be especially difficult to 

achieve with metabolic targets such as lipid II (Haag et al., 2012).  

The initial excitement associated with the discovery of teixobactin were inhibited by the barriers 

preventing further research. Residue 10 of the peptide chain, enduracididine is a cyclic analogue 

of arginine generated through posttranslational modification; commercially unavailable and 

notoriously difficult to chemically synthesise (Atkinson et al., 2016). Replacement of 

enduracididine with readily available arginine resulted in a minor loss of activity, but provided a 

platform to facilitate future research into the potential of teixobactin in a clinical setting (Fig 7) 

(Jad et al., 2015; Parmar et al., 2016). 

1.7 Objectives 
1. To develop and test the activity of novel teixobactin analogues, identifying 

structure/activity relationships to inform future analogue design  

a. Identify residues integral to biological activity 

b. Assess the breadth of activity of teixobactin analogues 

c. Generate a library of lead compounds 

d. Test the In-vivo efficacy of lead compounds 

2. To assess the rate and mechanisms of de novo resistance against arg10-teixobactin 

and moenomycin A 

a. Test the rate and extent of resistance development 

b. Highlight the associated costs of de novo resistance 

c. Interrogate the molecular mechanisms of resistance 

3. To investigate the breadth of pre-existing resistome associated with arg10-

teixobactin, with a focus on the role of wastewater on the extent of resistance 

a. Uncover the breadth of strains able to tolerate arg10-teixobactin 

b. Assess the role of wastewater-effluent on pre-existing resistance 

c. Identify population-level methods of persistence
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Chapter 2 – Methods 
2.1 Microbiology 

2.1.1 Growth Media 
All growth media (Tab 2)in were made according to manufacturer instructions with 18 MΩ 

water, pH adjusted prior to sterilisation with 1 M HCl or 1 M NaOH as required. Solutions were 

sterilised via autoclaving at 121°C and 15 psi for 15-20 minutes. 

Table 2 Growth media used to culture bacteria throughout 

Growth media Supplier 

Mueller-Hinton (MH) agar Oxoid 

Mueller-Hinton (MH) broth Oxoid 

Brain heart infusion agar Oxoid 

Brain heart infusion broth Oxoid 

Tryptic soy agar (TSA) Difco 

Lysogeny broth (LB) agar Fisher 

Lysogeny broth (LB) broth Fisher 

Middlebrook 7H9 broth 

supplemented with ADC 
Oxoid 

Middlebrook 7H10 agar 

supplemented with OADC 
Oxoid 

Mannitol salt agar Oxoid 

Eosin methylene blue agar Oxoid 

MacConkeys agar Oxoid 

 

2.1.2 Bacterial Strains and maintenance 
Bacterial strains were grown on their preferred agar using the streak plate method until distinct 

colonies appeared and stored at 4°C for up to two weeks before re-streaking on a new agar plate 

(Tab 3 & 4). These cell lines were discarded every three months and remade from homogenous 

freezer stocks to minimise the effect of cumulative mutations (Sprouffske et al., 2016). Freezer 

stocks were generated from overnight liquid cultures through the mixing of sterile 50% glycerol 

in a 1:1 ratio in a microcentrifuge tube before flash freezing in liquid nitrogen and storage at -

80°C. 
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Table 3 Bacterial strains and species used at University of Lincoln 

Bacterial name Strain Shortened name Specific traits 

Staphylococcus 

aureus 
ATCC 33591 MRSA 

Methicillin 

Resistance 

Staphylococcus 

aureus 
ATCC 25923 MSSA 

 

Staphylococcus 

aureus 
USA 300 MRSA USA 300 

Methicillin 

Resistance 

Pseudomonas 

aeruginosa 
PA01 P. aeruginosa PA01 

 

Pseudomonas 

aeruginosa 
PA0750 P. aeruginosa PA0750 

Increased 

permeability/reduced 

efflux (López-

Causapé et al., 2017) 

Pseudomonas 

aeruginosa 
ATCC 27953 P. aeruginosa 27853 

 

Enterococcuss 

faecium 
DSM 17050 VRE 

Van A mediated 

Vancomycin 

resistance 

Klebsiella 

pneumoniae 
ATCC 700603 K. pneumoniae 

 

Escherichia coli 
DCO (Yale Collection 

UB1005) 
E. coli DCO 

 

Escherichia coli 
DC2 (Yale Collection 

CGSC#: 7139) 
E. coli DC2 

Increased membrane 

permeability (Clark, 

1984)  

Escherichia coli 
ASMB1 (Yale collection 

CGSC#: 1157) 
E. coli ASMB1 

Reduced LPS and 

membrane integrity 

(Kloser et al., 1996) 

Escherichia coli ATCC 25922 E. coli 25922  

Escherichia coli XL1 Blue E. coli XL1b  

Escherichia coli BL21 DE3 E. coli BL21  

Escherichia coli Tuner DE3 E. coli Tuner  

Acinetobacter 

baumannii 
ATCC 19606 A. baumannii 

 



21 
 

Mycobacterium 

smegmatis 
DSM 43465 M. smegmatis 

 

Staphylococcus 

epidermis 
ATCC 14990 S. epidermis 

 

Bacillus subtilis 168 B. subtilis  

 

Table 4 Bacterial strains and species used at PHE Salisbury 

Bacterial name Strain Specific traits 

Klebsiella 

pneumoniae 
NCTC 13368 

Extended Spectrum 

Beta-Lactamase 

(Rasheed et al., 2000) 

Klebsiella 

pneumoniae 
M6  

Klebsiella 

pneumoniae 
AYE ATCC Baa1710  

Klebsiella 

pneumoniae 
ATCC 17978  

Pseudomonas 

aeruginosa 
Pa01  

Pseudomonas 

aeruginosa 
NCTC 13437  

Escherichia coli NCTC 12923  

Escherichia coli CFL_017_VIM4  

Escherichia coli CFL_033_NDM  

Escherichia coli CFL_160_KPC2  

Escherichia coli CFL_161_NDM_5_oxa_181  

Escherichia coli LEC 001  

Escherichia coli UR/319238  

Acinetobacter 

baumannii 
NCTC 13424  

Acinetobacter 

baumannii 
W1  

Acinetobacter 

baumannii 
UKA7  
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Acinetobacter 

baumannii 
UKA2  

Acinetobacter 

baumannii 
NCTC 13302  

Acinetobacter 

baumannii 
ADP-1  

Acinetobacter 

baumannii 
W1 

Colistin resistant 

(Wand et al., 2015) 

Acinetobacter 

baumannii 
AYED 

Colistin resistant 

(Wand et al., 2015) 

Neisseria 

gonorrhoea 
NCTC 13817 

Grown Anaerobically 

with Thayer-Martin 

media 

2.1.3 Chemical reagents 
Table 5 Chemical reagents used throughout 

Reagent Supplier 

Tween 80 Sigma 

Dmso Sigma 

Absolute ethanol Fisher BioReagents 

Coagulase slide test Sigma 

Hydrogen peroxide Sigma 

Tris HCl base Fisher BioReagents 

Disodium edta Fisher BioReagents 

Acetic acid Fisher BioReagents 

Iptg Fisher BioReagents 

Imidazole Fisher BioReagents 

Fe(iii)cl Fisher BioReagents 

Nacl Oxoid 

Edta Fisher BioReagents 

Sds Fisher BioReagents 

Sucrose Fisher BioReagents 

Potassium acetate Fisher BioReagents 

Peg 8000 Fisher BioReagents 

Human serum Sigma 

Ringers buffer  Fisher BioReagents 
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2.1.4 Antibiotic compounds 
All antibiotic solutions (Tab 6) were made up as 10 mg/mL stock solutions and stored in 500  µL 

aliquots and stored at -20°C to reduce inter-experimental variation. 18 M ohm water was used 

as the solvent of choice.  As required DMSO was added to increase solubility. The final working 

DMSO concentration was kept below a maximum of 2% to prevent inhibition of bacterial growth 

(Mi et al., 2016). 

Teixobactin analogues were synthesised in house by collaboration with Dr Ishwar Singh in the 

School of Pharmacy. Compounds were synthesised through solid state synthesis and purified 

through HPLC to >98% purity. Likewise, moenomycin A was purified from a stock to >98% purity. 

Table 6 Antibiotic compounds used throughout 

Compound Product code Source 

Oxacillin sodium salt 28211 SIGMA 

Kanamycin 0126 Melford 

Polymyxin B sulphate 4932 SIGMA 

Vancomycin 2002 SIGMA 

Chloramphenicol 1919 SIGMA 

Teicoplanin 0578 SIGMA 

Rifampicin 3501 SIGMA 

Teixobactin analogues N/A UoL School of Pharmacy 

Moenomycin A N/A UoL School of Pharmacy 

Bacitracin BP2950-1 Fisher Bioreagents 

Nisin from lactococcus lactis 

(2.5%) 
N5764 SIGMA 

2.5 MIC methodology 
The minimum inhibitory concentration (MIC) of antimicrobial compounds were determined in 

liquid MH broth unless otherwise stated using the ‘broth microdilution method’ in 96 Sarstedt 

96 well plates following established CLSI guidelines ISO 20776-2:2007.  

Briefly, 100 µL of liquid media was added to wells 2-12 and 200  µL of liquid media, at 2x the 

desired working concentration of antibiotic, was then added to well 1. 100  µL was then taken 

from well 1 and transferred to well 2. This was then repeated to well 11 where the removed 

liquid was discarded. Every well (1-12) was then inoculated with 100  µL of a bacterial suspension 

in liquid media before. Each treatment was carried out with biological replicates (minimum 3) 

and plates incubated statically for 24 hours at 37°C. The MIC was determined to be the well with 

the lowest concentration of the antibiotic without any growth visible to the naked eye. Absence 

of growth in antibiotic free broth required repetition of the assay. The difference between 



24 
 

determining the point of inhibition with the naked eye and plate reader were compared using 

the FLUOstar OPTIMA plate reader at 620 nm, wells were determined to have growth if: 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑊𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ≥ 0.1 

To determine the inhibitory effect of serum on antibiotic activity, MICs were carried out as 

above, but the growth media supplemented to 10% final volume with human serum following 

autoclaving (SIGMA, H4522). Following the addition of antibiotics, plates were incubated at 

room temperature for 30 minutes prior to bacterial inoculation. 

2.1.6 MBC methodology 
Minimum bactericidal concentration (MBC) tests were performed, determined by using the 

replica plater for 96 well plates (SIGMA, R2383), to transfer a uniform volume of liquid from a 

completed MIC, to a petri dish containing the same growth media with agar and no antibiotics. 

This inoculum was incubated statically for 24 hours at 37°C. The MBC was determined to 

correspond to the well with the lowest concentration of antibiotic that did not result in bacterial 

growth.  

2.1.7 Inducing resistance 
To assess the rate at which de novo antibiotic resistance develops, methods were adapted from 

existing studies improve replicability and reduce the quantities of limited antibiotics required 

(Kosowska-Shick et al., 2006) (Nagai et al., 2001). An antibiotic gradient beginning at 8x the initial 

MIC was produced across six replicates in 150 µL of MH across wells 1-9 of a 96 well Sarstedt 

plate, as when carrying out a normal MIC, with well 11 containing no inoculated MH to detect 

contaminants. Wells 1-10 were then inoculated with 150 µL 5x106 cells mL-1 from a liquid culture 

grown from a single colony (Fig 8). After 23-24 hours the well containing the highest 

concentration of antibiotic that returned growth comparable to the control (well 11) with the 

naked eye was selected and sub-cultured into an identical plate. Every five days an MIC was 

performed on the generated strain and a stock stored at -80°C for future analysis. After 45 days 

of continuous culture (~300 generations) the antibiotic selective pressure was removed, and the 

divergent strains further passaged for 30 days (~200 generations) in MH media alone. A positive 

control group was also created, following an identical procedure, but treated with rifampicin 

due to the propensity of bacteria to develop resistance through simple mutations (Somerville et 

al., 2002). A negative control group was passaged in only MH media in well 12 of the plate. All 

media for these experiments were supplemented with oxacillin to a concentration of 10 µg/mL 

and NaCl to 2% w/v to maintain methicillin resistance and reduce the likelihood of contaminant 

introduction into the experiment (Vitko & Richardson, 2013). 
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Passaging cell lines were placed into rows; A, B, C, F, G, H, with rows D and E filled with non-

inoculated MH as an internal control, if any of these wells became contaminated then the most 

recent freezer stock was reverted to, this was done to minimise the risk of cross contamination 

between the divergent strains. 

 

Figure 8 The layout of a 96 well plate for inducing antibiotic resistance. Each plate contained six replicates for each 
treatment, into rows A, B, C, F, G and H across an antibiotic gradient. Rows D and E containing non-inoculated MH 
broth (blue). Wells 1-10 were inoculated, with well 10 free from antibiotic. Well 11 also contained non-inoculated 

MH broth (blue). Well 12 was used for passaging the selection free evolved strains. 

2.1.8 Bacterial growth rate 
A liquid culture was inoculated with either a single colony or a 1:100 dilution from an overnight 

culture. Optical density could be tracked as a proxy for cell number using the FLUOstar OPTIMA 

plate reader at 620 nm with readings taken every 10 minutes for 24 hours in a 96 well sealed 

with ThermalSeal RTS sealing film (SIGMA). As this method does not account for non-viable cells 

in solution, the plate count method was also used. Sampling 100 µL from a liquid culture before 

1:10 dilutions in ¼ ringers’ solution. From each dilution 50 µL was used to inoculate an agar plate 

and spread with an ethanol sterilised metal spreader. Only plates with between 30-300 colonies 

were counted, before calculating colony forming units per millilitre (CFU/mL). 

2.1.9 Bacterial fitness 
The growth rate of a bacterial strain is often used as a proxy measurement for cell fitness, to 

compare the fitness of evolved strains each individual strain was grown under a range of 

conditions and compared with the ancestral strain. This was carried out in 96 well plates using 

the optical density approach to growth rate due to the high throughput capability. Growth for 
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each strain was assessed across multiple conditions, all using unmodified MH broth as a base; 

Non-modified broth, 64 µg/mL oxacillin, 1/10th of antibiotic MIC (MoeA, Arg10-teixobactin, 

rifampicin), 150µM EDTA, 2% NaCl and 10% NaCl. Relative specific growth rates were 

determined from exponential phase growth that fit a linear trendline with an R-squared value 

greater than 0.9. The statistical significance of differences in growth rate under each condition 

were assessed by one-way ANOVA (p < 0.05), with post hoc Tukey tests. 

2.1.10 Physiological strain confirmation 
Through a range of microbiological techniques, the identity of bacterial cultures can be 

confirmed. Mannitol salt agar was used to select for Gram-positive species, with S. aureus 

species identified by yellow colony phenotypes. Whereas other Gram-positive species, including 

other staphylococcal species, produce a red/pink colony. Eosin methylene blue (EMB) agar was 

used to select for Gram-negative bacteria. Gram-positive bacteria are unable to grow on EMB 

agar, colourless colonies were identified as non-lactose fermenters and purple/black colonies as 

species fermenting lactose. MacConkey’s agar was also used to select for Gram-negative 

bacteria, with Gram-positive bacteria unable to grow and form colonies. Comparison of these 

three media was used to compare liquid culture colony phenotypes through streak plating and 

compared with monoculture freezer stocks. 

Gram staining to differentiate Gram-positive and Gram-negative isolates were performed in 

accordance with standard methods (Coico, 2006). Briefly, either a single emulsified colony from 

an agar plate or 15 µL from an overnight culture was heat-fixed to a glass slide. This fixed sample 

was then flooded with crystal violet for 30 seconds and rinsed with tap water. The stained smear 

was then flooded for 30 seconds with Gram’s iodine before rinsing with water then acetone until 

running clear, after which the slide was again rinsed with water to remove residual acetone. 

Safranin was then applied as a counterstain for 2 minutes before clearing with tap water and 

visualising.  

Catalase activity was determined by immersion of a single colony into a test tube containing 5% 

hydrogen peroxide. The tube was then placed against a black piece of paper and observed for 

immediate bubble formation. Coagulase activity was tested by emulsification of a single colony 

onto a glass slide with a drop of sterile distilled water. To this a disc laced with rabbit plasma 

was added, and observed, a positive result was recorded if there was formation of coarse clumps 

within no more than 30 seconds. 

2.1.11 Culturing environmental samples 
To collect environmental bacterial samples a 5cm deep hole in the soil was dug and deposited 

with a 70% EtOH sterilised spatula into a sterile Falcon tube. These samples were stored on ice 

until returned to the lab for processing within one hour of collection. Upon return to the lab the 
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samples were serially diluted 1:10 w/v with 18 MΩ sterile water prior to spread plating. 50 µL of 

each dilution was used to inoculate each agar plate. Multiple agar media were used; LBA, MHA, 

TSA and Mannitol salt. To test for resistant culturable strains within the soil, plates were laced 

with vancomycin at 16 µg/mL or arg10-teixobactin at 8 µg/mL (4x MRSA MIC) in addition to 

polymyxin B at 32 µg/mL. Resultant colonies were sub-cultured through streak plating on the 

same media they were isolated supplemented only with polymyxin B at 32 µg/mL. Pure cultures 

were then Gram-stained and those confirmed as Gram-positive had their MIC determined by 

broth dilution methods. 

2.2 Galleria mellonella 
Methods for pathogenicity, toxicity and antibiotic treatment were adapted from existing 

methods (Desbois & Coote, 2011; Tsai et al., 2016). Galleria mellonella larvae were sourced from 

LiveFoods UK Ltd and stored at 4°C after delivery for up to 1 week before use. They were 

removed from the fridge 30 minutes prior to treatment to allow them to normalise back to room 

temperature. Individual Galleria mellonella were selected randomly from those appearing free 

from infection, injury, not beginning to pupate and weighing between 225 mg and 275 mg, 

allowing the assumption of an average weight of 250 mg. Unless specified otherwise, 16 

replicates were used per grouping. Injections were carried out using a 10 µL Hamilton syringe to 

inject 10 µL into the front left proleg, the site was swabbed prior to injection with 70% ethanol 

to sterilise. All experiments included a treatment group injected with ¼ ringers only and a group 

not injected. Individuals were considered dead if they did not respond to physical stimulation. 

2.2.1 Lethal bacterial load 
Bacterial cultures were washed first in ¼ ringers’ solution prior to serial dilution in ¼ ringers to 

produce solutions containing from 1x109 to 1x102 CFU/mL. A negative control of sterile ¼ ringers 

was used, and an additional group received no injection. Larvae were then incubated at 37°C 

and survival recorded at 24, 48 and 72 hours 

2.2.2 Antimicrobial toxicity 
Toxicity tests were carried out, with dosage determined by previous in-vitro MIC values against 

strains of interest. Three concentrations of each compound were injected, 10x, 50x and 100x 

the MIC. All dilutions were carried out in ¼ ringers, and a negative control included containing 

comparative residual DMSO concentrations and a group receiving no injection. Following 

injection groups were incubated at 37°C, with survival recorded at 24, 48 and 72 hours.  

2.2.3 Treating an infection 
Following determination of compound toxicity, G. mellonella were injected with the determined 

CFU/ml of bacteria to cause between 75% and 100% lethality after 24 hours. Control groups 

were as follows 
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• Injection with ¼ ringers and injection with ¼ ringers plus appropriate solvent 

• Injection with lethal bacterial dose and injection with ¼ ringers plus appropriate solvent 

• No injection 

The second injections containing 100x MIC concentrations of the antimicrobial compounds were 

carried out within 30 minutes of the initial injection into the same location as the initial injection. 

G. mellonella were then incubated at 37°C, with survival recorded at 24, 48, 72 and 96 hours.  

2.3 Molecular techniques 

2.3.1 DNA extraction 
Whole genome DNA for downstream sequencing was extracted using the QIAGEN DNeasy Blood 

and Tissue kit (Cat No./ID: 69504), following the provided protocol and assessing yield quality 

and quantity using a Nanodrop 2000 spectrophotometer. Where DNA exactions were performed 

for PCR, DNA was extracted using the ‘rapid boil method’. A single colony resuspended in 50 µL 

of sterile dH2O and heated to 95°C for 10 minutes before centrifugation at 13,000 RPM for 5 

minutes (Zhang et al., 2004). Liquid from the top of the supernatant was then added directly to 

the PCR reaction. For the extraction of plasmid DNA from lab transformed E. coli strains the 

QIAGEN Spin Miniprep Kit was used, following the provided protocol with an initial volume of 

5mL from an overnight shaken culture. 

For extraction of total microbial DNA from soil two different approaches were trialled. The 

QIAGEN DNeasy Powermax soil kit (Cat No./ID: 12988-10), with an input of 5 g of soil then 

following the provided protocol. Alternatively, an in house developed kit-free method was 

applied, using the solutions detailed below (Tab 7). 200 mg of soil was added to a screw-top 

microcentrifuge tube at 70°C alongside 1 mL of EB and glass beads (500 mg 5 mm and 500 mg 

<106µm) prior to shaking with Mini-Beadbeater-16 (Biospec) (30 pulses, max speed, 5 cycles) 

and incubation at 70°C for 10 minutes. This was centrifuged at 5000g for 5 minutes and 550 µL 

of supernatant transferred to a fresh tube on ice. 35 µL of clean up buffer was added to each 

sample prior to centrifugation for 20 minutes at 4°C at 13,000 RPM. 500 µL of this supernatant 

and 250 µL precipitation buffer were mixed in a fresh tube and mixed by inversion 10 times 

before incubation at room temperature for 90 minutes. Following incubation this was 

centrifuged at 10,000 RPM for 15 minutes, the supernatant discarded then centrifuged and 

remaining supernatant discarded. The pellet was incubated at room temperature for 2 minutes 

before resuspension in 100 µL ELB. 
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Table 7 Buffer recipes for extraction of DNA from the soil 

Extraction buffer (eb) Concentration / M 

Fe(iii)cl 0.1 

Tris HCl base 0.1 

EDTA 0.1 

NaCl 1.5 

SDS 4% 

Sucrose 0.5 

 Adjust with 1M NaOH to pH 9 

 

CLEAN UP BUFFER CONCENTRATION / M 

Potassium acetate 8 

 

PRECIPITATION BUFFER CONCENTRATION / M 

PEG 8000 30% 

NaCl 1.5 

 

ELUTION BUFFER (ELB) CONCENTRATION / M 

Fe(III)Cl 0.02 

Tris HCl base 0.02 

EDTA 0.02 

NaCl 0.3 

SDS 0.8% 

Sucrose 0.1 

 

2.3.2 Metagenome sequencing and analysis 
Total microbial DNA extractions stored at -20C before being sent in dry ice to Novogene. At 

Novogene the V3-V4 variable region of the 16s rRNA gene was amplified for 35 cycles using 

primers 341F and 806R for a 470bp amplicon prior to library preparation and sequencing using 

Illumina NovaSeq 6000. 

Sequence quality was evaluated with FastQC (Andrews, 2010). QIIME version 2 was used to 

investigate the microbial communities (Bolyen et al., 2018). Single-end sequences were 
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denoised by using dada2 (Callahan et al., 2016). Amplicon sequence variant (ASVs) were 

clustered using vsearch with an identity of 0.97 (Rognes et al., 2016). Variance‐stabilizing 

normalization (Muletz-Wolz et al., 2018) was performed on the raw sequence counts in RStudio 

(v1.0.153) using CSS normalisation with metagenomSeq and phyloseq package (McMurdie and 

Holmes, 2013; Paulson et al., 2013; Weiss et al., 2017). ASVs were annotated using q2-feature-

classifier plugin and gg_13_8_otus database (Bokulich et al., 2018).  

2.3.3 Statistical analysis  
All analyses were conducted in R (v1.0.153), two-way full factorial permutational multivariate 

ANOVA (PERMANOVA; Anderson, 2001) on binary Jaccard dissimilarities and PCA plots 

(Hellinger standardization) were calculated using the ‘vegan’ package (Oksanen et al., 2018). 

Metagenome functional content prediction was evaluated with picrust2 in QIIME (Langille et al., 

2013). Indicator species and genes of treated and untreated samples were identified by using 

the indicspecies package (ver. 1.7.1; Dufrêne M and Legendre, 1997). 

2.3.4 Genome sequencing and analysis 
Whole genome DNA extractions were for processing and sequencing through MicrobesNG, DNA 

libraries were prepared using Nextera XT Library Prep Kit (Illumina, San Diego, USA) following 

the manufacturers protocol, but using 2 ng of DNA instead of 1 ng and increasing PCR elongation 

time to 1 minute from 30 seconds.  Generated libraries were sequenced on the Illumina HiSeq 

2500 using a 250bp paired end protocol. The resultant reads were then trimmed of primer and 

adaptor sequences using Trimmomatic v0.38 with the parameters “ILLUMINACLIP:NexteraPE-

PE.fa:2:30:10 LEADING:5 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:36” and quality checked 

using FastQC v0.11.7 (FastQC: a quality control tool for high throughput sequence data. 

Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The resultant 

reads were assembled using SPAdes v3.13.0 with default parameters, obtaining between 12 and 

18 contigs per strain, these were then aligned to S. aureus DSM20231 using MUMmer v3.23. 

The assembled contigs were filtered to remove those with less than 1.9x coverage and less than 

5,000 bp. Genome completeness and contamination was estimated using CheckM v1.0.13, 

indicating near total coverage with >99% completion for all sequences and no detectable 

contamination. Genomes were initially annotated using PROKKA v1.13 before using Snippy 

v4.3.2 (https://github.com/tseemann/snippy) to call variants (snps/indels) to the ancestral 

genome. 

  

http://www.bioinformatics.babraham.ac.uk/projects/fastqc


31 
 

 

2.3.5 PCR and Primer design 
Table 8 Primer sequences for positive identification of methicillin-resistant Staphylococcus aureus. 

Primer name Primer sequence 5’ to 3’ 

Staph756F 
AACTCTGTTATTAGG 

GAAGAACA 

Staph750R 
CCACCTTCCTCCGG 

TTTGTCACC 

MecA1 
GTAGAAATGACTGAA 

CGTCCGATAA 

MecA2 
CCAATTCCACATTGT 

TTCGGTCTAA 

 

Single and multiplex PCR reactions were carried out as previously described (Mcclure et al., 

2006; Zhang et al., 2004), with both primer pairs against a confirmed Staphylococcus aureus 

strain, with expected amplicon sizes of 756 bp for the 16s rRNA and 310 bp for the mecA gene 

(Tab 8). PCR reaction conditions for 25 µL; 2 µL DNA extracted through the boiling method, 

0.07µM Staph756F and Staph750R, 0.24µM MecA1 and MecA2, 1 µL TAQ (NEB), 2.5 µL 10x PCR 

buffer and 1 µL 10mM DNTPs. These reagents were amplified under the following conditions; 

94°C for 10 min, followed by 10 cycles of 94°C for 45s, 55°C for 45s, and 72°C for 75s, then 25 

cycles of 94°C for 45s, 50°C for 45s, and 72°C for 75s. 
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Table 9 Primer pairs designed to identify presence of point mutations: Highlighted in blue are locations of SNP 

substitutions. 

Primer target 
Forward Primer sequence 

5’ to 3’ 

Reverse primer sequence 5’ 

to 3’ 

Expected amplicon 

size /bp 

Pur Operon repressor 
GTGAAAAAATTTAAAC

AGGCGAAGTC 

CTAAAGTTCTCTTCGAA

AGTACCATTGTTT 
493 

Penicillin binding protein 

1A/1B 

CTGCTTTTACCGAAG

CTAAATTACAAGA 

CTTCCCACTGTTTATCT

GTAATGCG 
624 

Penicillin binding protein 

1A/1B 

CTTCCAAGTATATCTA

AACAAAATTT 

GGATCTGTTGCTTGGTT

T 
618 

Penicillin binding protein 

1A/1B 

GCCGGTTTACCTCAG

GTTCC 

CTGGGATATTGAAACTT

TGTCGTAAAG 
694 

Bifunctional autolysin 
CAACGTTATTGAAACA

TACGGATGATT 

CAAATGTTTACTGTCAT

CTTTATACACAAAGTA 
473 

Phosphatidylglycerol 

lysyltransferase 

ATTTAGAGCGACTTTA

AATAAATTCGATGAAC 

GCATTACTTTAGAAAGT

GATTCCCAAAG 
578 

Transcriptional regulatory 

protein SrrA 

GTCGAACGAAATACTT

ATCGTAGATGATG 

GGCTCATCATTAGATTT

AACCTCAAATTTATAC 
714 

KDP operon transcriptional 

regulatory protein KdpE 

GATAATTGAAGATGAT

CACGCAATCAC 

GCACTCTTAAACTAGG

CATTTCAGTC 
569 

DNA gyrase subunit A 
GAAGATGATGAGTTA

ATTGCAGTTCGC 

CATCATCATCTGATGAT

TGTTGTATGTCTT 
715 

Release factor glutamine 

methyltransferase 

GAAACTGAAGAAGTA

ATGTTGCATTTCTTAC 

CGATCGTGGCCATTTAT

ATCTTTAATAATG 
533 

Protein DltD 
AGGTAAGAAATTAACATTT

ATTATTTCACCACA 

CCCAACCTTTCCAACC

GATGT 
749 

putative peptidoglycan 

glycosyltransferase FtsW 

CCGACAATTAGCATAT

GTCATAATGAGTTT 

CGCCACCGTTACCTAT

CGC 
608 

Isocitrate dehydrogenase 

[NADP] 

CAAAAAGCATTTGATA

CAACTGGTGAA 

CAATACCACCAACTTGT

GCAGC 
781 

 

To avoid the cost and labour-intensive nature of whole genome sequencing, site directed PCR 

was applied, designing primers for genes with detected point mutations, ensuring the mutated 

site is at the 3’ end for maximum specificity (Tab 9). Initial amplification was performed against 

the ancestral strain to ensure primer specificity. PCR carried out with Taq DNA Polymerase with 

Standard Taq Buffer (NEB, M0273S), conditions varied around the following in T100 

thermocycler (Biorad): 
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• 2.5 µL 10x PCR buffer 

• 0.5 µL DNTPs 

• 0.66 µL Mgcl2 

• 0.07 µL Taq polymerase  

• 16.77 µL H20 

• 1.25 µL forward and reverse primer 

• 2 µL DNA template 

• 95°C for 3 minutes 

Repeat for 30 cycles: 

• 95°C for 30 seconds 

• 55°C for 30 seconds 

• 72°C for 90 seconds 

Final extension step: 

• 72°C for five minutes 

Following successful amplification with all primers, PCR reaction was repeated against a 

sequenced strain known to have the specific mutation. To optimise the specificity of the PCR 

reaction for specific primer pairs, MgCl2, DNTP, primer, DNA template and Taq concentration 

were all varied in 5% steps around the stated concentrations. In addition to modifying the 

annealing temperature, time and number of cycles. 

2.3.6 DNA visualisation 
To visualise DNA agarose gels were used, following the guidelines provided by PROMEGA for 

relating agarose percentage to size of DNA fragment. Gels were cast by mixing 1x TAE buffer 

(40mM Tris HCl Ph 8.0, 20mM acetate, 1mM EDTA), diluted from a 50x stock, with agarose at 

the required concentration. Following heating in the microwave in 30 second bursts until all 

trace agarose has dissolved. Once allowed to cool SYBRsafe (Invitrogen) was added to a 1x 

concentration from a 100x stock as directed by manufacturer before pouring into the casting 

tray, waiting until fully cooled and set solid. Once set the cast gel was placed into the 

corresponding electrophoresis box and covered with 1x TAE buffer prior to loading. The gel was 

then loaded, with samples mixed with 6x loading buffer (ThermoFisher, R0611) and standardised 

using Hyperladder 1 kb. Samples were separated at between 100-150 V as required for between 

30 minutes and two hours.  

2.3.7 Transformation 
Chemically competent cells were generated through a shaken overnight culture of E. coli (BL21, 

XL1, Xl10) in 5 mL of LB broth at 37°C and 250 RPM. The following morning 100 µL of this was 

used to inoculate 50 mL of prewarmed LB broth at 37°C and 250 RPM, the growth of which was 

monitored until A600 = 0.2-0.4 and immediately put on ice. The resultant cells were centrifuged 

at 4°C 2500 RPM for 5 minutes, the supernatant removed before resuspension in 5 mL of ice-

cold 60 mM CaCl. After 10 minutes on ice the cells were centrifuged again 4°C 2500 RPM for 5 

minutes, the supernatant discarded and resuspended again into 60mM CaCl2 before splitting 

into 50 µL aliquots in microcentrifuge tubes, mixing 1:1 with 50% glycerol and freezing at -80°C. 
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To transform chemically competent E. coli, a premade 50 µL aliquot was removed from -80°C 

and thawed on ice for ~30 minutes. Once fully thawed 1-5 µL of DNA was added, mixing gently 

through flicking and ensuring all liquid has collected at the bottom of the tube. Following 

incubation of the DNA/cell solution for 20-30 minutes tubes were placed into a 42°C water bath 

for 45 seconds exactly before returning to ice for a further 2 minutes. To this 500 µL of SOC 

media (described below) was added and an outgrowth step with the tube shaken at 37°C for 45-

60 minutes before spread plating 50 µL and 200 µL onto an agar plate containing the appropriate 

antibiotic selection (ampicillin or kanamycin), followed by overnight incubation at 37°C. 

SOC media (Super Optimal broth with Catabolite repression) was made in 200 mL batches, then 

aliquoted into 500 µL fractions and frozen at -20°C until needed. SOC media was made to the 

below recipe, with D-glucose added after autoclaving passed through a 20 µm filter.  

Table 10 Final concentration of ingredients for SOC media 

INGREDIENTS CONCENTRATION 

YEAST EXTRACT 0.5% 

TRYPTONE 2% 

NaCl 10mM 

KCl 2.5mM 

MgCl2 10mM 

MgSO4 10mM 

D-GLUCOSE 20mM 

 

2.4 Protein expression and purification 

2.4.1 Protein expression 
E. coli BL21 DE3 or Tuner DE3 were transformed with the appropriate plasmid and grown 

overnight on selective LB agar. Individual colonies were used to inoculate steralin tubes 

containing 5 mL of LB supplemented with antibiotic and grown in an orbital shaker overnight at 

37°C shaken at 180 rpm. The subsequent morning, 2 litre baffled flasks containing either 500 mL 

or 1 litre were inoculated with overnight cultures at a 1:200 dilution. These were grown to an 

OD600 of 0.6-1.0 before the addition of Isopropyl β-D-1-thianogalactopyranoside (IPTG) to a 

standard concentration of 1 mM and overnight expression at 20°C.  

Following expression cultures were pelleted using a Beckman-Coulter Avanti centrifuge, using 

500ml Beckman tubes in a JLA-10.500 rotor pre-chilled to 4°C at 15,000g. The supernatant was 

discarded, and the pellet resuspended in Ln pelleted using the JA-25.50 rotor chilled to 4°C at 

30000g for 30 minutes, the soluble supernatant was then decanted and stored at 4°C. 
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2.4.2 Protein purification 
Protein purification was facilitated and managed using the GE AKTA Prime Liquid 

Chromatography System. The soluble fraction was loaded onto a 5 mL fast flow HisTrap nickel 

column (GE Healthcare). Once fully loaded the column was washed of any unbound protein with 

8 column volumes of resuspension buffer. This followed by elution of the column across a 

concentration gradient over 20 5 mL fractions of elution buffer (20mM ris HCL pH 8.0, 150 mM 

NaCl and 500 mM imidazole). Collected fractions were stored at 4°C until further use. 

2.4.3 SDS-PAGE 
SDS-PAGE gels were used to separate and visualise proteins, including whole cell lysate and 

purified protein fractions. 12% resolving SDS-PAGE gels were cast (3 mL resolving gel buffer (1.5 

M Tris pH 8.8, 0.4% SDS v/v), 4.8 mL 30% bis-acrylamide, made up to 12 mL with 18 MΩ 

autoclaved water. This was set by polymerisation with 100 μL of freshly made 10% ammonium 

persulfate (APS) and 16 μL N,N,N’,N’-Tetramethylethane-1,2-diamine (TEMED)).  Following 

casting, a 4% stacking gel was cast (1.3 mL stacking gel buffer (0.5 M Tris HCL pH 6.8, 0.4% SDS 

v/v), 0.7 mL 30% bis-acrylamide and 5 µL bromophenol blue, made up to 5 mL with 18 MΩ 

autoclaved water.  This was set by polymerisation with 100 μL of freshly made 10% APS and 16 

μL TEMED). 

Samples to be loaded were selected as follows: soluble fraction, insoluble fraction, column flow 

through and column wash followed by the AKTA separated fractions, using the UV 

chromatograph to identify fractions of interest. 20 µL of each sample was mixed with 20 µL of 

2x SDS loading buffer (60 mM Tris HCl pH 6.8, 10% w/v of glycerol, 2% w/v SDS, 0.05% 

bromophenol blue, 5% w/v of β-mercaptoethanol). These solutions were then heated to 95°C 

for 10 minutes prior to loading alongside a Precision Plus protein standard (Biorad). Gel and 

samples were immersed in 1x SDS running buffer (25 mM Tris HCl Ph 6.8, 192 mM glycine, 0.1% 

SDS), run at 100 mA until the dye front was about to run off the gel edge. 

Gels were stained by immersion in Coomassie brilliant blue stain (BioRad) (2 g Coomassie 

Brilliant Blue Stain, 100 ml acetic acid, 250ml propan-2-ol, 650ml 18 mΩ autoclaved water), 

microwaved for 30 seconds and allowed to sit for five minutes before decanting remaining stain. 

Gels were then subject to three rounds of de-staining by immersion in 1x de-stain solution (5% 

v/v propan-2-ol, 7% v/v acetic acid, 18 MΩ water), again microwaving for 30 seconds and 

allowing to sit for 15 minutes before repeating. 

2.4.4 Protein concentration 
The visualised SDS-PAGE gels were used to select the elution fractions for further concentration, 

fractions were selected from samples producing a strong band of the appropriate size and low 

concentration/absence of contaminating protein, crucial for accurate protein concentration 



36 
 

The selected fractions were then concentrated to a usable concentration by centrifuging at 4000 

rpm in five-minute cycles using in a Vivaspin 20 column (Sartorius, selective to 30 kDa, until it 

reached the target concentration. Protein concentration was approximated using the Nanodrop 

2000 spectrophotometer, measuring absorbance from a 1 µL drop on the pedestal and 

calculating protein concentration inputting the extinction coefficient and molecular weight of 

the specific protein (Walker, 2005). 

2.5 The Pre-existing resistome 

2.5.1 Culture dependent approach 
The soil resistome can be expected to contain resistance mechanisms to almost any mechanisms 

of bacterial inhibition. Therefore, the soil was investigated to determine the presence of any 

pre-existing mechanisms present that could spread from non-pathogenic soil bacteria to 

clinically relevant pathogenic bacteria. Initially a culturing approach was taken. To facilitate 

these pilot studies soil samples were collected from around JBL with an ethanol sterilised spatula 

and 50mL falcon tube. The initial CFU/mL of the culturable fraction within the soil were 

determined by 1:10 w/v suspension of soil in ¼ strength ringers buffer, before further 1:10 serial 

dilutions in ¼ strength ringers solution and spread plating on TSA, MH, LB or BHI agar to 

determine the most appropriate future growth media. 

Arg10-teixobactin loses all activity when used to supplement agar containing media.  To combat 

this soil samples were diluted 1:1000 w/v, and 100 µL of this added to a 96 well plate containing 

100 µL of BHI supplemented to 32 µg/mL of either vancomycin or arg10-teixobactin, giving a 

working concentration of 16 µg/mL. A repeat of each of these was carried out additionally 

supplemented to 16 µg/mL of polymyxin b to inhibit Gram-negative bacteria. These plates were 

incubated at 20°C for 48 hours, and 25 µL spread plated onto BHI agar to produce visible colonies 

for further investigation and attempts at species identification through phenotypic traits. 

2.5.2 Culture independent approach 

MinIONTrial 

To study the soil microbiome in its entirety two separate approaches were taken in the 

extraction and processing of soil DNA. Initially DNA was extracted using QIAGEN PowerMax soil 

kit, following the associated protocols with an initial input of 4 g of soil. Following DNA 

extraction, the DNA was quantified with Nanodrop 2000 spectrophotometer, measuring 

absorbance at OD280/OD260, requiring a ratio of >1.8. Libraries were then prepared following the 

provided protocol, using a single barcode for each location, and amplifying with NEB LongAMP 

Taq 2x master mix. The PCR products were cleaned up with AMPure XP beads and pure DNA 

resuspended in 10 µL of 0.2 µm filtered 10mM Tris HCl pH 8.0 with 50mM NaCl. Barcoded 

libraries were pooled together to a final concentration of 10 µL in a equimolar concentration, 
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approx. 75 f-moles. To this pooled library 1 µL of rapid sequencing adapter (RAP) was added. 

The MinION flow cell was then primed for loading by following the provided protocol and the 

pooled DNA library loaded and sequencing started. The generated reads were processed using 

the provided EPI2ME platform, a complete processing pipeline from sequenced reads to species 

identification and phylogenetic tree generation.  

After failed attempts at achieving reproducibility using MinION sequencing and a desire to 

increase the reliability of the generated data through increasing the sample number and 

accuracy of sequencing method. To achieve this a DNA extraction method optimised by C. 

Gunther/M. Goddard was utilised. 

Sample collection 

Five samples were collected from with 30cm of the northern bank of Sincil Dyke, up to 500 m 

downstream of the efflux point of Lincolns’ Canwick sewerage treatment plant (Fig 9). Five other 

samples were collected across the area parallel from non-agriculturally managed land, but on 

the southern side of the river Witham, making these samples free from influence by the 

treatment plant. Exact sample locations were determined by the allocation of numbers to 5x5 

m squares overlaid onto a map of the area, and a random number generator used to choose 

exact locations. Each sample was collected with a 70% ethanol sterilised spatula digging a 10 cm 

deep hole, transferring soil into a 50 mL falcon tube and storage on ice until return to the lab. 

 

Figure 9 The environmental soil sampling sites:  The water treatment effluent enters Sincil Dyke at the blue ellipse, 
samples were then collected from the area up to 500 M downstream of this locations, from the northern bank of Sincil 
Dyke (red), and the southern bank of the river Witham (green) 
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Soil treatment 

Upon return to the lab 10 g of soil was transferred from each sample location into two separate 

sterile conical flasks, sealed with cotton wool to allow aeration. Remaining sample was frozen 

at -80°C for future use. To these 10mL of 18 mOhm water was added to prevent clumping of the 

soil. To this either vancomycin or arg10-teixobactin was added to a concentration of 16 µg/mL. 

Vancomycin was used as a control compound as it is currently used as the clinical gold standard 

for Gram-positive infections and has been for some decades despite global distribution of 

resistant strains. These flasks were then statically incubated at 20°C, shaken every day to ensure 

equal distribution of compound throughout the soil.  

After seven days soil samples removed from conical flasks and transferred to sterile falcon tubes 

for storage at -20°C. To perform DNA extractions soil samples were removed from the freezer, 

defrosted on ice and inverted to mix 5-10 times prior to performing DNA extractions as 

described above (3-1). 

Metagenomic sequencing 

Following the extraction of the total microbial DNA of soil samples, DNA was sent to Novogene 

for amplification, library preparation and sequencing. DNA was amplified across 30 cycles at 

Novogene using the primers detailed in (Tab 11). Following amplification and successful passing 

quality control, metagenomic barcoding was performed and sequences amplified with Illumina 

NovaSeq 6000.  

Table 11 Primers for broad spectrum universal bacterial 16S amplification: Non-A, T, C, G letters denote variable bases 
at those positions. 

Primer name Primer sequence 5’ to 3’ 

341F CCTAYGGGRBGCASCAG 

806R GGACTACNNGGGTATCTAAT 

 

Metagenomic analysis 

Sequence quality was evaluated with FastQC (Andrews, 2010). QIIME version 2 was used to 

investigate the microbial communities (Bolyen et al., 2019). Single-end sequences were 

denoised by using dada2 (Callahan et al., 2016). ASVs were clustered using vsearch with an 

identity of 0.97 (Rognes et al., 2016). Variance‐stabilizing normalization (Muletz Wolz et al., 

2018) was performed on the raw sequence counts in RStudio (v1.0.153) using CSS normalisation 

with metagenomSeq and phyloseq package (Mcmurdie & Holmes, 2013; Paulson et al., 2013; S. 

Weiss et al., 2017). ASVs were annotated using q2-feature-classifier plugin and gg_13_8_otus 

database (Bokulich et al., 2018).  
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All analyses were conducted in R (v1.0.153), two-way full factorial permutational multivariate 

ANOVA (PERMANOVA) (M. J. Anderson, 2001) on binary Jaccard dissimilarities and PCA plots 

(Hellinger standardization) were calculated using the ‘vegan’ package (Oksanen, 2019). 

Predicted metagenome functional content was evaluate with picrust2 in QIIME (Langille et al., 

2013). Indicator species and genes of treated and untreated samples were identified by using 

the indicspecies package (ver. 1.7.1; (Dufrêne & Legendre, 1997))
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Chapter 3 The development of synthetic 

teixobactin analogues 
3.1 Introduction 
The discovery of teixobactin in 2015 generated considerable excitement due to a key 

combination of characteristics, with demonstrable broad activity against Gram-positives and 

ability to ‘kill without detectable resistance’ (Ling et al., 2015). Teixobactin is an unusual peptide, 

comprising an eleven amino acid ‘head to side’ macrocyclic ring in the peptide chain, including 

four D-amino acids and the rare L-allo-enduracididine (Fig 10). The lack of commercial 

availability and absence of easy synthetic route for L-allo-enduracididine provided a bottleneck 

inhibiting further investigation into the clinical potential of teixobactin. 

 

Figure 10 The structure of teixobactin (left), with enduracididine highlighted in blue and D-oriented residues 
highlighted in red. On the right is teixobactin with the side chain of the amino acid at position 10 left open (Parmar et 
al., 2017). 

To overcome this, and prevent stagnation of teixobactin development, a synthetic analogue of 

teixobactin, replacing enduracididine with readily available arginine, was successfully 

synthesised. The resultant analogue largely retained the activity of native teixobactin, with only 

a small reduction in biological activity (Jad et al., 2015; Parmar et al., 2016). Arginine appeared 

to be the closest viable substitute, with L-allo-enduracididine biologically synthesised through 

posttranslational cyclisation of the guanidine-based side chain (Atkinson et al., 2016). An 

attempt to further reduce synthetic costs through the replacement of the four D-amino acids 

with their L-isomers resulted in an analogue void of antibiotic activity (Parmar et al., 2016). 

During this study a panel of analogues have been designed and tested. With optimisation of the 

residue in place of enduracididine at position 10, although L-allo-enduracididine may be a 

derivative of arginine, this does not mean arginine is the best substitution (Parmar et al., 2017). 

Following determination of key residues to retained activity, L-Ser3, D-Glu4 and L-Ala9 were 

sequentially substituted to refine the activity spectrum, particularly against Gram-negative 

species (Parmar et al., 2018). 

In addition to their role in facilitating the correct folding of the peptide chain and facilitating 

bioactivity, the D amino acids also likely increase the half-life of the compound through 

decreased affinity for many proteases (Feng & Xu, 2016). Of course, an antibiotic produced by a 
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bacterium in the soil will have been optimised for its environment by evolutionary forces, these 

conditions are significantly different to the human body (Gerard D. Wright, 2019). Many 

naturally occurring antibiotics contain many charged groups that result in poor solubility and 

bioavailability (Sadgrove & Jones, 2019). 

The identification of a viable teixobactin analogue provided a scaffold facilitating further study 

into the clinical potential of teixobactin. If successfully introduced into clinical usage, then 

teixobactin could become the first new systemic antibiotic class to be introduced since the 

1980’s. 

3.1.1 Antibiotic development 
The development of new antibiotics poses a significant challenge, the dearth of new compounds 

introduced for clinical use over the past forty years is not for lack of scientific endeavour 

(Hutchings et al., 2019). On top of the scientific challenge in developing novel antibiotics, the 

poor economic profile of antibiotics constrains commercial investment compared to treatments 

for other ailments (Bartlett et al., 2013). The difficulty of identifying a treatment that can 

effectively inhibit bacteria growth in-vitro is aggravated by the need to retain activity and comply 

to safety requirements across multiple in-vivo models (Bassetti et al., 2013).It is crucial that any 

new treatment be safe for clinical usage, but the route to obtaining regulatory approval often 

functions in disconnect with the scientific process (G. D. Wright, 2014).  

Many clinically important antibiotics are naturally occurring compounds, such as streptomycin 

or vancomycin, that have been identified and found to satisfy pharmacological requirements 

(Nicolaou et al., 2009). Other compounds are semi-synthetic derivatives, such as rifampicin 

modified from the naturally occurring rifamycin to improve efficacy and better host tolerability 

(Sensi, 1983). Finally, there are fully synthetic antibiotics, with no known naturally occurring 

analogue or scaffold such as the quinolones (Wright et al., 2014). The source of an antibiotic 

does not dictate it’s in-vivo effectiveness, though the pharmacokinetic properties of many soil-

derived antibiotics often leave room for improvement (Azmi et al., 2016). 

Antimicrobial peptides (AMPs) are chemically diverse polypeptide chains, usually <50 amino 

acids in length, without significant branching and frequently containing cyclised regions 

(Mahlapuu et al., 2016). Evolutionarily ancient with a multitude of purposes, hundreds of AMPs 

have been identified over the last century across all taxa of life (Hancock et al., 1995). AMPs can 

be split into two generally distinct groups: ribosomally synthesised peptides and non-

ribosomally synthesised peptides. Ribosomally synthesised peptides are present in nearly all 

clades of life, a crucial part of the arsenal of host-defence molecules (Bevins, 1994). Non-

ribosomally synthesised peptides on the other hand are predominantly found in bacteria and 
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their biosynthesis is facilitated by multienzyme complexes, often containing multiple amino acid 

derived moieties formed by posttranslational modification (Martínez-Núñez & López, 2016). 

Bacitracin, polymyxin B and nisin are examples of non-ribosomal AMPs with active roles in the 

control of bacteria in clinical and food settings (Hancock & Chapple, 1999). 

Many AMPs currently in use, or in the process of seeking approval, are semisynthetic derivatives 

of naturally occurring peptides modified for optimised activity, toxicity and pharmacokinetic 

properties (Azmi et al., 2016). Modifying naturally occurring AMPs to improve toxicity or 

bioavailability is a promising source of clinically relevant derivative compounds. (Allington & 

Rivey, 2001; Koo & Seo, 2019). Like teixobactin, clavanin A is a promising, naturally occurring 

AMP. Its limited in-vitro activity was improved through the addition of a non-polar pentapeptide 

chain was added at the hydrophobic N-terminus improving activity (Silva et al., 2016). 

Though there are exceptions, AMPs generally display limited activity against Gram-negative 

bacteria, their size and charge meaning that their access to molecular targets is often restricted 

by the additional outer membrane (Gruenheid & Le Moual, 2012; Imai et al., 2019). A 

combinatorial approach of multiple co-translated AMPs can result in a functional potentiation 

interaction that mutually increases activity greater than the sum of their parts, which may be 

reflective of naturally occurring In-vivo systems (Rahnamaeian et al., 2015). 

3.1.2 Peptide structure 
Peptides and proteins are the product of DNA transcription and translation. Composed of 

multiple amino acids, linked through peptide bonds between the amino and carboxyl groups 

common to all proteinogenic amino acids. The linear sequence of these amino acids is commonly 

referred to as the primary structure of the peptide chain (Bock & Gough, 2001). It is this 

sequence of amino acids, or more specifically their side chains/R-groups, that drives the local 

intramolecular hydrogen bonding resulting in the formation of stable secondary structures 

(Lawrence A Kelley & Maccallum, 2000). The most common of these are alpha helices and beta 

sheets, their formation is integral to the activity of the resultant structure through presentation 

of functional groups and formation of the necessary tertiary structure. The tertiary structure of 

a protein determines the three-dimensional shape of the protein and is determined by the 

interactions of R-groups (Whisstock & Bottomley, 2006). Of course, many proteins exist as a part 

of multi-unit complex, this is represented by the quaternary structure of a protein. 

As a result of the complex interactions within just a single peptide chain, it is challenging to 

accurately and reliably predict the effect that substituting just a single amino acid can have on 

the resultant product (Choi & Chan, 2015). Ever increasing computational power has facilitated 

the generation of multiple programs that utilise experimentally derived structural motifs to 
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predict the most likely protein conformation (Lawrence A. Kelley & Sternberg, 2009; Senior et 

al., 2020). It should be noted however, that even the simplest in-vivo system is magnitudes more 

complex that any in-vitro model. As such, the conformation, and thus activity, of a peptide in-

vivo may vastly differ from in silico predictions (Kelley et al., 2015). 

3.1.3 Peptide synthesis 
The identification of a promising AMP is but the first step in its development cycle, even if it the 

native structure satisfies stringent clinical approval criteria. Before clinical trials can begin a stock 

of the active compound must be acquired. This can be especially challenging for non-ribosomally 

synthesised peptides, particularly those with non-proteinogenic or D-amino acids, as they often 

have low-level native expression and complex biosynthetic pathways that can be difficult to co-

opt into common expression vectors such as yeast or E. coli (Martínez-Núñez & López, 2016). 

To subvert biological systems, a chemical approach can be taken to build the peptide in a 

stepwise manner. Solid-phase peptide synthesis utilises an insoluble support of small resin 

beads that covalently bind the growing peptide chain. Though there are numerous modified 

methodologies and reagents, the core process remains the same. The C-terminus of the first 

amino acid of the peptide is coupled to the resin support, the N-terminus deprotected and then 

coupled with the free carboxyl group of the second amino acid (Stein et al., 1993). Each cycle is 

punctuated by wash steps that remove reagents or by-products whilst retaining the peptide, 

allowing for tight control over the elongation of the chain. (Behrendt et al., 2016). The 

completed peptide chain is cleaved at the C-terminus and precipitated before purification, most 

often by HPLC (Boysen & Hearn, 2006). The addition of amino acids is tightly controlled, 

regulated by protective groups such as FMoc and Boc, preventing the unwanted extension at 

the N-terminus or vulnerable side groups (Behrendt et al., 2016). All teixobactin analogues used 

throughout were provided by the Singh group at University of Lincoln, School of Pharmacy. 

3.1.4 In-vitro modelling 
Once an AMP with antibacterial activity has been identified it is crucial that deeper investigation 

is carried out into its biological activity. Due to economic and ethical constraints it is not possible 

to move immediately into an animal model, requiring proof of activity through in-vitro 

antimicrobial susceptible testing (AST) (Theuretzbacher et al., 2019). The ideal in-vitro method 

will provide a platform that facilitates the screening of many compounds against a variety of 

bacterial strains under standardised conditions. The minimum inhibitory concentration (MIC) is 

a commonly used method to determine the antibiotic concentration required to prevent growth 

over a set time. Several differing methodologies have been developed to determine MIC values, 

each attempting to account for changes in the behaviour of the bacteria or antibiotic in different 

media, this can result in significantly different MIC breakpoints (Kassim et al., 2016). More 
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complex analyses of in-vitro activity such as biofilm assays attempt to more closely model the 

behaviour of systems outside of the tightly controlled conditions of a lab (Revest et al., 2016). 

It is also important to understand the breadth of activity for the compound. Before clinical 

testing can begin the susceptibility of numerous strains and species must be assessed including 

but not limited to multi-drug resistant derivatives (Hughes & Karlén, 2014). Crucially is the 

assessment of activity against a panel of modern clinical isolates, including but not limited to the 

ESKAPE pathogens (Santajit & Indrawattana, 2016). In this study, S. aureus is utilised as a 

baseline model for activity, before expansion to other Gram-positive species and subsequent 

investigation of activity in Gram-negative strains. This approach allows for a rapid assessment of 

novel analogues in a model known for its susceptibility, before progression onto more time-

consuming analyses (Khan et al., 2019).  

3.1.5 In-vivo modelling 
Due to the near infinite complexity of biological systems, it is crucial that extensive in-vivo testing 

be performed on lead compounds before clinical testing can begin (Ersoy et al., 2017). The 

complex and unpredictable interactions that occur within the body may partition or modify the 

antibiotic, reducing activity or generating toxic by-products (Jeukens et al., 2017). Traditionally 

the primary approach to test for toxicity and activity is with a small mammalian model, most 

often rodents, before beginning stage 1 human trials (Ersoy et al., 2017). Given the scale of the 

AMR crisis and the number of compounds seeking clinical approval, rodents pose ethical, 

budgetary and logistical hurdles as first port infection models (Tsai et al., 2016).  

Galleria mellonella (greater wax moth) have recently garnered a great deal of interest as a pre-

mammalian modelling system. The larval stage of G. mellonella is an ideal model, not for 

replacing, but for reducing dependence upon mammalian modelling (Pereira et al., 2018). 

Compared even to mice, wax moths are cheap to maintain, have no need of specialised 

equipment or training and do not require ethical approval for testing (Ramarao et al., 2012). 

Furthermore, compared to many other insects, G. mellonella can survive at 37°C preventing 

temperature-related changes to bacterial virulence (Konkel & Tilly, 2000).  

Though G. mellonella lacks the advanced adaptive immune response unique to vertebrates, their 

innate immunity has a high degree of structural and functional similarity (Browne et al., 2013). 

Various infection models have been developed within the G. mellonella system, including but 

not limited to each of the ESKAPE pathogens (Kay et al., 2019). The consistency of mortality 

when injected with a defined bacterial dose, provides a platform for measuring the effect of an 

antibiotic treatment on the resultant mortality (Betts et al., 2014). The continued development 

of G. mellonella increases the accessibility of initial animal modelling. And though G. mellonella 
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will not replace vertebrate models, its’ use seems likely to reduce the failure of in a mammalian 

system (Tsai et al., 2016). 

3.1.6 Aims 
1) To uncover the structure/activity relationships vital to the biological activity of teixobactin 

2) To optimise the biological activity of teixobactin analogues 

3) To test the multi-species activity of teixobactin analogues 

4) To reduce the synthetic cost whilst maintaining activity 

5) To test the in-vivo activity of lead teixobactin analogues 
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3.2 Methods 

 

The structure for all compounds used in this study can be found in the associated patent filing 

by (Singh I, 2018). 
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3.3 Results 
To ascertain the antibiotic potential of synthetic teixobactin analogues, a testing pipeline was 

set up in collaboration with chemists in the School of Pharmacy to synthesise, test and optimise 

the structure and activity of synthetic teixobactin.  

 

 

Figure 11 The structure of teixobactin: the green coloured residue is the rarely seen enduracididine (Ling et al., 2015). 

3.3.1 Importance of enduracididine for antimicrobial activity 
The non-proteinogenic amino acid enduracididine found at position 10 of native teixobactin (Fig 

11), is rarely seen in nature and challenging to synthesise. Through the testing of numerous 

teixobactin analogues with modified residues at position 10 it was possible to achieve two 

objectives simultaneously, creating new lead compounds to act as a scaffold for further 

investigations, whilst also improving our understanding the role of the residue at position 10 in 

maintaining compound activity. 

 

Figure 12 The effect of incorporating proteinogenic amino acids at position 10: determined by MIC activity of 
teixobactin analogues against MRSA 33591. Standard amino acid three letter code denotes the amino acid at position 
10 of the synthetic teixobactin analogue. Lower case names denote D-isomers. Data recorded as 128 µg/mL is 
representative of an MIC >64 µg/mL. Error bars denote SEM, N=3. Precise values available in supp Tab 1. 



48 
 

 

Reduced inhibitory activity in compounds with substitution of enduracididine with serine and 

glutamic acid suggests that neutral or acidic side chains are not conducive to maintaining activity 

(Fig 12). In contrast hydrophobic residues including leucine, isoleucine and valine demonstrate 

potent inhibitory activity against MRSA, with only a small reduction in activity compared with 

native teixobactin. Though arg10-teixobactin was not the most active compound against MRSA, 

the high yield and close structural homology made it the in-house teixobactin standard for future 

assays. 

3.3.2 Replacement of arginine with its isosteres  

 

Figure 13 The effect of incorporating non-proteinogenic amino acids at position 10: determined by MIC activity of 
teixobactin analogues against MRSA 33591.. Homo-Arg: Homo-arginine, Orn: Ornithine, Dab: Diaminobutyric acid, 
Nor-Arg: Norarginine, Dap: Diaminopimelic acid, Gaba: Gamma-aminobutyric acid, Chg: Cyclohexylglycine, NorVal: 
Norvaline. Error bars omitted due to lack of intra-sample variation, N=6. 

To further investigate the role of position 10 on inhibitory activity, and to optimise inhibitory 

activity against MRSA, non-proteinogenic amino acids isosteres with high structural similarity 

and charge to lysine and arginine were built into teixobactin analogues at position 10 (Fig 13). 

Other than analogues including substitution with either Dap or GABA, all tested analogues 

showed equal or better activity compared to arg10-teixobactin. Inclusion of lysine or Chg at 
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position 10 resulted in the same activity as native teixobactin against MRSA, despite significantly 

differing chemical structures of the residue at position 10. 

3.3.3 The role of amino acid stereochemistry 

 

Figure 14 The role of stereochemistry in arg10-teixobactin activity: Investigating the effect of modifying the D/L 
orientation of the four D amino acids in Arg10-teixobactin to their L isomers through their activity against MRSA 33591. 
Orientation of the key D amino acids (N-Me-D-Phe1, D-Gln4, D-allo-Ile5 and D-Thr8) is shown. Results of 256 µg/mL 
represents growth in all wells at a >128 µg/mL. Where visible error bars denote SEM, N=3. 

Using Arg10-teixobactin as an in-house model of teixobactin the importance or D-oriented amino 

acids in retaining activity. As such the four D amino acids found in teixobactin acids (N-Me-D-

Phe1, D-Gln4, D-allo-Ile5 and D-Thr8) were systematically replaced with the corresponding L 

orientation. From the results in (Fig 14) it can be clearly seen that replacing any of the L oriented 

with its D oriented isomer results in a drastic change in activity. N-Me-D-Phe1 is the least affected 

by this substitution, with an MIC of 64 µg/mL and only reduced activity, followed by the hinge 

region of D-Thr8 which had an MIC of 128 µg/mL. All other analogues showed no inhibitory effect 

at 128 µg/mL. 



50 
 

3.3.4 Alanine scanning for crucial residues 

 

Figure 15 The effect of alanine scanning arg10-teixobactin: sequential substitution of residues 1-7 with arginine and 
MIC testing against MRSA 33591 allowed the determination of structure/activity relationship for individual amino 
acids. Standard three letter code denotes the amino acid in native teixobactin substituted, lower case names denote 
D-isomers. N=3, error bars omitted due to lack of intra-sample variation. 

 

The replacement of amino acids 1-7 with alanine was performed out to determine which 

residues play a key role in maintaining compound activity, and which residues play less of a role 

in the structural activity relationship. As can be seen in (Fig 15) alanine scanning revealed that 

substitution of N-Me-Phe1, Ile2 D-allo-Ile5, L-Ile6 or Ser7 for alanine reduced the activity of the 

resultant analogue by >8-fold. In comparison replacement of Ser3 and D-Gln4 with alanine had a 

negligible impact upon the activity of the resultant analogue, suggesting the lesser role of the 

side chains of these residues in achieving the inhibitory activity of teixobactin. 
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3.3.5 Substituting in-chain residues 

 

Figure 16 The MIC activity of teixobactin analogues with in-chain arginine substitutions: tested against MRSA 33591. 
The standard three letter amino acid letter code denotes the amino acid at position 10 of the synthetic teixobactin 
analogue. In-chain modifications are denoted by the letter corresponding to the amino acid found in native 
teixobactin, the number directing to the in-chain position, and the letter representing the arginine substituted in place, 
lower case lettering indicates D-isomers. R: Arginine, A: Alanine, q: Glutamine, S: Serine. Human serum was added to 
10% v/v to investigate potential plasma binding effects. Error bars denote SEM, N=3. 

 

Following determination that Ser3, D-Gln4 and Ala9 are each not crucial to the antimicrobial 

activity of teixobactin, these sites were sequentially substituted for arginine residues in Arg10, 

Leu10 and Ile10-teixobactin. This facilitated a deeper investigation into the role and interactions 

of the chain region of teixobactin. Regardless of the residues included at position 10, the 

sequential addition of arginine did not have a drastic impact on antimicrobial activity, with no 

more than a 4-fold increase in MIC (Fig 16). The addition of human serum as a supplement in 

MIC testing generally had no significant effect on the inhibitory activity of these analogues, 

except for leu10 and Ile10 analogues, particularly when paired with three in-chain arginine 

residues. Though it was not possible to test this with isoleucine, the trend of other in-chain 

modifications suggests that isoleucine would exhibit the same increased activity trend.  
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Figure 17 The MIC activity of non-proteinogenic teixobactin analogues with in-chain arginine substitutions: tested 
against MRSA 33591. Residue at position 10 denoted by Chg: Cyclohexylglycine, NVA: Norvaline at position 10 of the 
synthetic teixobactin-chain. In-chain modifications are denoted by the letter corresponding to the amino acid found in 
native teixobactin, the number directing to the in-chain position and the final letter representing the arginine 
substituted in place, lower case lettering indicates D-isomers. R: Arginine, A: Alanine, q: Glutamine, S: Serine. Error 
bars omitted due to lack of intra-sample variation. 

The effect of sequential arginine substitution at Ser3, D-Gln4 and Ala9 was investigated when 

paired with active analogues including non-proteinogenic amino acids at position 10. As can be 

clearly seen in (Fig 17) pairing either Chg10 or Nva10 with 3 in-chain arginine residues increases 

the MIC against MRSA 33591 to 64 µg/mL, similarly when Nva is at position 10 with the chain 

modifications S3R and q4r there is a total loss of antimicrobial activity. As can be seen in both 

(Fig 17) the substitution of arginine to position 9 does not appear to have any significant impact 

upon antimicrobial activity in combination with any of the tested non-proteinogenic amino 

acids. 
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Figure 18 The effect of non-proteinogenic in-chain substitutions in arg10-teixobactin: The MIC activity of Arg10-
teixobactin analogues with in-chain Dap (Diaminopimelic acid) amino acid substitutions tested against MRSA 33591. 
The first letter corresponds to the amino acid found in the native teixobactin, the number directing to the in-chain 
position and Dap representing the diaminopimelic acid residue substituted in place, lower case lettering indicates D-
isomers. Results of 128 µg/ml indicates growth in all wells beyond 64 µg/mL. Error bars omitted due to lack of intra-
sample variation. 

Arg10-teixobactin analogues were tested for activity with diaminopimelic acid (Dap) 

substitutions at Ser3, D-Gln4 and Ala9. Only limited DAP substitution can be tolerated before 

significant loss of antimicrobial activity (Fig 18). A9Dap, S3,A9Dap and q4.A9Dap each have an MIC 

<10 µg/mL, whereas both q4DAP and S3q4A9Dap exhibit a total loss of activity at 128 µg/mL 
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3.3.6 Modifying the N-terminus of teixobactin 

 

Figure 19 Modifying the N-terminus of arg10-teixobactin: MIC Activity of Arg10-teixobactin analogues with 
modifications at position 1 in place of N-terminal methylated phenylamine tested against MRSA 33591. The first letter 
f represents Me-phenylalanine at position 1 that has been substituted, with the new residue described afterwards, 
lower case lettering denotes D amino acids. Where possible standard amino acid three letter codes were used, Chg: 
Cyclohexylglycine, Val: Valine, Cha: Cyclohexylalanine, Leu: Leucine, Ile: Isoleucine, TertLeu, Tert-leucine, Trp: 
Tryptophan, Phe: Phenylalanine. Results of 64 µg/mL indicates growth in all wells beyond 32 µg/mL. Error bars denote 
SEM, N=3. 

The N-methyl tagged phenylalanine plays an important role in maintaining antimicrobial activity 

(Fig 19). Substitution with either Cha or Chg, both containing carbon rings, retains activity 

against MRSA 33591. Replacing N-Me-Phenylalanine with leucine, tert-leucine or isoleucine was 

not as effective, increasing the MIC against MRSA to between 8 and 16 µg/mL. Replacement 

with valine resulted in a continuation of the same trend, further lowering the MIC to 32 µg/mL. 

Substitution to either tryptophan or the non-methylated form of phenylalanine resulted in a 

total lack of activity up to 32 µg/mL, these compounds could not be tested beyond this 

concentration due to poor yields in synthesis. 
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3.3.7 Bactericidal activity 

 

Figure 20 A comparison of MBC and MIC  of teixobactin analogues: The minimum bactericidal concentration (MBC) 
stacked on top of minimum inhibitory concentration (MIC) of teixobactin analogues against MRSA 33591.The residue 
at position 10 is indicated by the standard three letter amino acid letter code, Nva: Norvaline, and in-chain 
modifications denoted by the first letter corresponding to the amino acid found in the native teixobactin, the number 
directing to the in-chain position and the final letter representing arginine  residue substituted in place, lower case 
lettering indicates D-isomers. R: Arginine. Results of 256 µg/mL indicates growth from all wells >128 µg/mL. Where 
visible error bars denote SEM, N=3. 

Native teixobactin demonstrates potent bactericidal activity, with a minimum bactericidal 

concentration (MBC) of 16 µg/mL recorded against MRSA. The changing trends of MBC values 

for a selection of synthetic teixobactin analogues was recorded (Fig 20). Though many analogues 

including Ile10, Leu10 and Arg10-teixobactin all present MICs comparable to native teixobactin, 

only Val10-teixobactin could match the bactericidal activity of native teixobactin. Despite similar 

MIC values, the effect on the MBC of Ala10-teixobactin was major, increasing to 128 µg/mL. 

Furthermore, though analogues with in-chain modifications such as Ile10-S3R,A9R and Nva10-

S3,A9R teixobactin have <1 µg/mL MIC values, their MBC was disproportionally increased >100 

µg/mL.  
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3.3.8 Cross-species activity 

 

Figure 21 Effect of position 10 modifications on activity against other Gram-positives: MIC Activity of teixobactin 
analogues with modifications to the amino acid at position 10, occupied by enduracididine in native teixobactin, 
determined against MRSA 33591, S. epidermis 14990, B. subtilus 168, MSSA ATCC 25923, Van-R E. faecium 17050. 
Residue at position 10 indicated by the standard amino acid three letter code, Orn: Ornithine, Dab: Diaminobutyric 
acid, Dap: Diaminopimelic acid. Error bars denote SEM, N=3. 

 

Figure 22 Role of position 1 modifications on activity against other Gram-positives: MIC Activity of Arg10-teixobactin 
analogues with modifications to the amino acid at position 1 in the chain against species MRSA 33591, S. epidermis 
14990, B. subtilus 168 and Van-R E. faecium 17050. All analogues contained arginine at position 10 (figurestructure), 
the modifications at position 1 are denoted with the first letter corresponding to the phenylalanine found in the native 
teixobactin, the number directs to the in-chain position and the final letter represent the residue substituted in place. 
Chg: Cyclohexylglycine, Val, Valine, Cha: Cyclohexylalanine, Ile: Isoleucine, TertLeu: Tert leucine, Trp: Tryptophan, Phe: 
Phenylalanine. 
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Compounds found to retain activity against MRSA 33591 with modifications at position 10 were 

screened against an extended panel of Gram-positive bacteria to ensure the continuation of 

activity compared with arg10-teixobactin (Fig 21). The trends of activity observed were 

maintained between the tested species across the panel of analogues, with little variation 

observed between species for any of the tested. Consistently S. epidermis and VRE both 

demonstrate increased MIC values compared to the B. subtilis and MSSA. 

Following the screening of N-M-Phe for the role it plays in maintaining antimicrobial activity and 

the amino acid residues that can be substituted in its place, analogues retaining activity with 

position 1 substitutions were screened against other Gram-positive species (Fig 22). As with the 

effect of substitutions made at position 10 the trends in activity against each strain was 

conserved. Substitution of position 1 with Chg, Cha and TertLeu each resulted in activity 

comparable to arg10-teixobactin in all screened strains. Valine at position 1 maintains some 

activity against B. subtilis, but a total loss of activity in S. epidermis. In contrast when isoleucine 

was in place of N-Me-phenylalanine there was a total loss of activity in both other species. 

Conversely, use of Tryptophan position 1 resulted in inactivity against MRSA and S. epidermis, 

but low activity at 64 µg/mL against B. subtilis. 

3.3.9 Delivery to Gram-negative species 

 

Figure 23 Activity of teixobactin analogues against E. coli: MIC Activity of teixobactin analogues against E. coli DCO 
and E. coli ASMb1, including compounds with varying placement of arginine residues to the chain. Residue included at 
position 10 indicated by standard three letter amino acid code, Chg: Cyclohexylglycine, NVA: Norvaline. In-chain 
modifications are indicated by the first letter corresponding to the amino acid found in the native teixobactin, the 
number directs to the in-chain position and the final letter representing the arginine residue substituted in place, lower 
case lettering indicates D-isomers. Results of 128 µg/mL indicate growth from all wells >64 µg/mL. Error bars omitted 
due to lack of intra-sample variation. 
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A panel of active teixobactin analogues were screened against two E. coli strains, DC0 is a wild-

type strain of E. coli and ASMb1 is a membrane compromised mutant showing increased 

permeability aiding antibiotic delivery. As is clear in (Fig 23), compromised membrane of E. coli 

ASMb1 increases the activity of nearly all the tested teixobactin analogues. However, some 

compounds such as R10Chg, S3,q4,A9R that displayed activity in MRSA (Fig 17), demonstrated 

no activity at 64 µg/mL against either strain of E. coli. A total of seven compounds (R10, R10A, 

R10G, R10V, R10Iq4r, R10Chg, R10Chg14r) had no activity against the wild type DC0 strain but 

displayed inhibitory effects against ASMb1 at concentrations ≤64 µg/mL.  

  

Figure 24 Activity of teixobactin analogues against A. baumannii: MIC Activity of teixobactin against A. baumannii as 
a result of arginine substitutions to the teixobactin peptide chain. The residue at position 10 is indicated by standard 
three letter codes Nleu: Norleucine, Dap: Diaminopimelic acid, Chg: Cyclohexylglycine, Nva: Norvalin. In-chain 
modifications are indicated by the first letter corresponding to the amino acid found in the native teixobactin, the 
number directs to the in-chain position and the final letter representing the arginine substituted in place, lower case 
lettering indicates D-isomers. Results of 128 µg/mL indicate growth from all wells >64 µg/mL. Error bars omitted due 
to lack of intra-sample variation. 

Following determination of activity in wild-type and membrane compromised strains of E. coli, 

the Gram-negative A. baumannii was screened for activity against a panel of teixobactin 

analogues. Despite the presence of the outer bacterial membrane, potent inhibitory activity 

(MIC <8 µg/mL) was observed for multiple teixobactin analogues (Fig 24). Of the 21 analogues 

tested against A. baumannii, each active against MRSA, only leu10-teixobactin with three in-chain 
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Dap substitutions displayed no activity at 64 µg/mL. Further, though the non-proteinogenic 

Chg10-teixobactin with three in-chain arginine residues displayed limited activity at 64 µg/mL. 

Nva10 and Leu10 analogues with three arginine substitutions both demonstrated MIC values <16 

µg/mL, though despite this it should be noted that consistently it was the analogues with three 

in-chain arginine residues that displayed the worst activity regardless of the residue at position 

10. 

 

Figure 25 Delivery of Nleu10-teixobactin analogues to Gram-negatives: MIC of teixobactin against Gram-negative 
species as a result of arginine substitutions to the Nleu10-teixobactin peptide chain. Compounds were tested against a 
panel of Gram-negative species, MRSA 33591, A. baumannii 19606, E. coli DCO, K. pneumoniae 700603, P. aeruginosa 
27953. All analogues include the non-proteinogenic Norleucine at position 10. In-chain modifications are indicated by 
the first letter corresponding to the amino acid found in the native teixobactin, the number directs to the in-chain 
position and the final letter representing the arginine substituted in place, lower case lettering indicates D-isomers. 
Results of 128 µg/mL indicate growth from all wells >64 µg/mL. Error bars denote SEM, N=3. 

After the establishment of activity from Nle10-teixobactin analogues containing in-chain arginine 

substitutions in MRSA, the analogues were then screened for activity against Gram-negative 

species, E. coli DCO, K. pneumoniae and P. aeruginosa. Of these analogues, only triple 

substitution of arginine produced any activity against the additional species (Fig 25), with 

particularly potent inhibitory effect against E. coli (8 µg/mL). For this analogue It should be noted 

that the MIC against MRSA increased to the same concentration as was detected against the 

Gram-negative species. 
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Figure 26 Role of polymyxin B in permeabilising Gram-negative outer membranes: MIC activity of teixobactin 
analogues with in-chain arginine modifications to the peptide chain supplemented with ½ MIC concentration of 
polymyxin B. Compounds were tested against a panel of Gram-negative species, MRSA 33591, A. baumannii 19606, 
E. coli DCO, K. pneumoniae 700603, P. aeruginosa 27953. The residue at position 10 is denoted by standard amino 
acid three letter code Nleu: Norleucine. In-chain modifications are indicated by the first letter corresponding to the 
amino acid found in the native teixobactin, the number directs to the in-chain position and the final letter representing 
the residue substituted in place, lower case lettering indicates D-isomers. Results of 128 µg/mL indicate growth from 
all wells >64 µg/mL. Error bars omitted due to lack of intra-sample variation. 

It is widely assumed that the reduced activity of teixobactin analogues against Gram-negative 

species is a result of the outer bacterial membrane. Polymyxin B specifically targets bacterial 

membrane, making Gram-negative species particularly susceptible to its activity. Polymyxin B 

was used as a supplement at 50% of the strain specific MIC to increase the permeability of the 

outer membrane and aid delivery of three teixobactin analogues, vancomycin or moenomycin 

A, all of which almost exclusively have activity against Gram-positive bacteria (Fig 26). Inhibition 

of MRSA and A. baumannii was broadly unaffected by the addition of polymyxin B, except for 

moenomycin A which displayed reduced MIC values for all Gram-negative species following 

polymyxin B supplementation. P. aeruginosa was largely unaffected by the inclusion of 

polymyxin B, though it should be noted that the effectiveness cannot be measured for values 

>64 µg/mL. 



61 
 

3.3.10 Further Gram-Negative screening 
Following the identification of multiple compounds against the in-house panel of Gram-negative 

bacteria, five lead teixobactin analogues were selected to be screened against the extended 

panels of strains available through Public Health England (PHE) site near Salisbury. Susceptibility 

was tested with the teixobactin analogue alone, as well as with supplementation from either 

polymyxin B nonapeptide (PMBN) or Phenylalanine-Arginine Beta-Naphthylamide (PAβN) to 

uncover the role of permeabilisation on compound delivery and activity. 

Initial Screening 

An initial screen was carried out against a small screening panel of Gram-negative species, these 

are representative strains with few specific resistance mechanisms (Tab 12-14).  

Table 12 Screening PHE Gram-negative species susceptibility to teixobactin analogues: Teixobactin analogues contain 
the same peptide backbone with in-chain modifications. The first letter corresponds to the amino acid found in the 
native teixobactin, the number directing to the in-chain position and the final letter(s) representing the residue 
substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, R: Arginine. All results given in  µg/mL, 
>64 represents growth in all wells up to a concentration of 64 µg/mL. Results in bold highlight combinations resulting 
in inhibitory activity. 

 
K. 

pneumoniae 

K. 

pneumoniae 

A. 

baumannii 

A. 

baumannii 

P. 

aeruginosa 

P. 

aeruginosa 
E. coli 

Strain 
NCTC 13368 

(ESBL) 
M6 

ATCC 

Baa1710 

AYE 

ATCC 

17978 
PA01 

NCTC 

13437 

NCTC 

12923 Compound 

Arg10-

teixobactin 
>64 >64 >64 >64 >64 >64 >64 

Nleu10, 

S3R,q4r 
>64 >64 >64 >64 >64 >64 >64 

Nleu10, 

S3R,A9R 
>64 >64 64 >64 >64 >64 64 

Nleu10, 

S3R,q4r,A9R 
>64 >64 16 32 64 64 32 

Chg10 

S3R,q4r 
>64 >64 32 64 >64 >64 64 
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Neither of the K. pneumoniae strains were inhibited at concentrations up to 64 µg/mL for any 

compound, regardless of supplementation with permeabilising compounds (table). Similarly, 

only R10nleS3q4A9R had any inhibitory effect when used alone, the MIC was halved by the 

addition of PMBM against PA01, but no effect was seen for any other compound. The tested 

strain of E. coli on the other hand exhibited limited susceptibility to the trialled compounds 

(table), the addition of PMBN though improved activity of each compound, even arg10-

teixobactin which lacked innate delivery-based modifications. Both A baumannii strains 

displayed similar trends, with some innate activity from teixobactin analogues alone, and 

improved activity when supplemented with PMBN. PaβN did not improve activity for any 

compounds, even reducing activity for some compounds. 

 

Table 13 Screening PHE Gram-negative species susceptibility to teixobactin analogues supplemented with PMBN: at 
30 µg/mL. Teixobactin analogues contain the same peptide backbone with in-chain modifications The first letter 
corresponds to the amino acid found in the native teixobactin, the number directing to the in-chain position and the 
final letter(s) representing the residue substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, 
R: Arginine. All results given in  µg/mL, >64 represents growth in all wells up to a concentration of 64 µg/mL. Results 
in bold highlight combinations resulting in inhibitory activity. 

 
K. 

pneumoniae 

K. 

pneumoniae 

A. 

baumannii 

A. 

baumannii 

P. 

aeruginosa 

P. 

aeruginosa 
E. coli 

Compound 

+ PMBN 30 

µg/mL 

NCTC 13368 

(ESBL) 
M6 

AYE ATCC 

Baa1710 

ATCC 

17978 
PA01 

NCTC 

13437 

NCTC 

12923 

Arg10-

teixobactin 
>64 >64 >64 >64 >64 >64 32 

Nleu10, 

S3R,q4r 
>64 >64 >64 16 >64 >64 32 

Nleu10, 

S3R,A9R 
>64 >64 16 16 >64 >64 4 

Nleu10, 

S3R,q4r,A9R 
>64 >64 8 8 32 64 32 

Chg10 

S3R,q4r 
>64 >64 32 2 >64 >64 4 
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Table 14 Screening PHE Gram-negative species susceptibility to teixobactin analogues supplemented with  (PAβN) to 
25 µg/mL. Teixobactin analogues contain the same peptide backbone with in-chain modifications The first letter 
corresponds to the amino acid found in the native teixobactin, the number directing to the in-chain position and the 
final letter(s) representing the residue substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, 
R: Arginine. All results given in  µg/mL, >64 represents growth in all wells up to a concentration of 64 µg/mL. Results 
in bold highlight combinations resulting in inhibitory activity. 

 
K. 

pneumoniae 

K. 

pneumoniae 

A. 

baumannii 

A. 

baumannii 

P. 

aeruginosa 

P. 

aeruginosa 
E. coli 

Compound 

+ PAβN 25 

µg/mL 

NCTC 13368 

(ESBL) 
M6 

AYE ATCC 

Baa1710 

ATCC 

17978 
PA01 

NCTC 

13437 

NCTC 

12923 

Arg10-

teixobactin 
>64 >64 >64 >64 >64 >64 >64 

Nleu10, 

S3R,q4r 
>64 >64 >64 >64 >64 >64 >64 

Nleu10, 

S3R,A9R 
>64 >64 >64 >64 >64 >64 >64 

Nleu10, 

S3R,q4r,A9R 
>64 >64 32 32 >64 >64 32 

Chg10 

S3R,q4r 
>64 >64 32 >64 >64 >64 32 

 

Further strain testing 

Following initial screening against multiple Gram-negative species, it was decided not to 

continue testing against K. pneumoniae and P. aeruginosa to minimise resources spent where it 

would be unlikely to see results differing to the initial screen. Likewise, supplementation with 

PaβN was not continued. 

E. coli 

As with the initially screened strain E. coli NCTC 12923 (table) neither Arg10-teixobactin or 

R10NleS3q4R displayed any innate activity against any of the extended panel of E. coli strains 

(Tab 15 -16). The other tested compounds displayed a range of activities, ranging from 8 µg/mL 

to remaining inactive at 64 µg/mL. Supplementation with PMBN amplified the activity of all 

active compounds by a minimum 2-fold change. 
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Table 15 Screening PHE E. coli strains susceptibility to teixobactin analogues: Teixobactin analogues contain the same 
peptide backbone with in-chain modifications The first letter corresponds to the amino acid found in the native 
teixobactin, the number directing to the in-chain position and the final letter(s) representing the residue substituted 
in place, lower case lettering indicates D-isomers. Nle: Norleucine, R: Arginine. All results given in  µg/mL, >64 
represents growth in all wells up to a concentration of 64 µg/mL. Results in bold highlight combinations resulting in 
inhibitory activity. 

 E. coli 
Average 

MIC 

 

Strain CFL_017

_VIM4 

 

CFL_033

_NDM 

 

CFL_160

_KPC2 

CFL_161_NDM

_5_oxa_181 

 

LEC 001 

 

UR/3192

38 Compound 

Arg10-teixobactin >64 >64 >64 >6 >64 >64 

>64 

Nleu10, S3R,q4r >64 >64 >64 >64 >64 >64 >64 

Nleu10, S3R,A9R 16 32 16 32 64 64 37.33 

Nleu10, 

S3R,q4r,A9R 32 64 32 32 64 >64 

48 

Chg10 S3R,q4r 8 32 16 64 >64 >64 41.33 

 

Table 16 Screening PHE E. coli strains susceptibility to teixobactin analogues supplemented with PMBN: at 30 µg/mL. 
Teixobactin analogues contain the same peptide backbone with in-chain modifications The first letter corresponds to 
the amino acid found in the native teixobactin, the number directing to the in-chain position and the final letter(s) 
representing the residue substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, R: Arginine. All 
results given in  µg/mL, >64 represents growth in all wells up to a concentration of 64 µg/Ml. When calculating 
‘Average MIC’ value >64 was treated as 64. Results in bold highlight combinations resulting in inhibitory activity. 

 E. coli 
Average 

MIC 

 

Compound + 

PMBN 30 µg/mL 

CFL_017

_VIM4 

 

CFL_033

_NDM 

 

CFL_160

_KPC2 

CFL_161_NDM

_5_oxa_181 

 

LEC 001 

 

UR/3192

38 

Arg10-

teixobactin 32 32 >64 >64 >64 >64 

53.33 

Nleu10, S3R,q4r 32 32 >64 >64 >64 >64 53.33 

Nleu10, S3R,A9R 8 8 8 16 16 32 14.67 

Nleu10, 

S3R,q4r,A9R 8 16 16 8 16 16 

13.33 

Chg10 S3R,q4r 4 16 8 16 32 32 18 

 

A. baumannii 

As with the initially screened strains of A. baumannii, R10NleS3q4R did not exhibit any activity 

when used alone against any of the strains from the extended panel (Tab 17-18), though this 

improved following the addition of PMBN. The remaining teixobactin analogues each displayed 

improved activity across each non colistin resistant strain following the addition of PMBN, with 
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MIC values as low as 4 µg/mL achieved following supplementation. The smallest benefit to 

activity was seen for arg10-teixobactin, the only analogue with no in-chain arginine substitutions.



 
 

Table 17 Screening PHE A. Cbaumannii strains susceptibility to teixobactin analogues: Teixobactin analogues contain the same peptide backbone with in-chain modifications. Col-R denotes strains with 
specific colistin resistance mechanisms. The first letter corresponds to the amino acid found in the native teixobactin, the number directing to the in-chain position and the final letter(s) representing the 
residue substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, R: Arginine. All results given in  µg/mL, >64 represents growth in all wells up to a concentration of 64 µg/mL. When 
calculating ‘Average MIC’ value >64 was treated as 64. Results in bold highlight combinations resulting in inhibitory activity. 

 A. baumannii Average 

MIC 

 

Strain NCTC 

13424 
W1 UKA7 UKA2 

NCTC 

13302 
ADP-1 W1 (col-R) 

AYED (col-

R) Compound 

Arg10-

teixobactin 
64 64 64 >64 >64 32 64 4 

33.33 

Nleu10, S3R,q4r >64 >64 >64 >64 >64 >64 >64 64 64 

Nleu10, S3R,A9R 16 32 16 64 32 16 32 4 26.5 

Nleu10, 

S3R,q4r,A9R 
64 64 64 64 64 64 64 16 

58 

Chg10 S3R,q4r 64 64 64 >64 64 32 64 16 44 

 

 

  

6
6

 



 
 

Table 18 Screening PHE A. baumannii strains susceptibility to teixobactin analogues supplemented with PMBN: at 30 µg/mL.  Teixobactin analogues contain the same peptide backbone with in-chain 
modifications. Col-R denotes strains with specific colistin resistance mechanisms. The first letter corresponds to the amino acid found in the native teixobactin, the number directing to the in-chain 
position and the final letter(s) representing the residue substituted in place, lower case lettering indicates D-isomers. Nle: Norleucine, R: Arginine. All results given in  µg/mL, >64 represents growth in all 
wells up to a concentration of 64 µg/mL. When calculating ‘Average MIC’ value >64 was treated as 64. When calculating ‘Average MIC’ value >64 was treated as 64. Results in bold highlight combinations 
resulting in inhibitory activity. 

 A. baumannii 
Average 

MIC 
Compound + 

PMBN 30 µg/mL 

NCTC 

13424 
W1 UKA7 UKA2 

NCTC 

13302 
ADP-1 W1 (col-R) 

AYED (col-

R) 

Arg10-

teixobactin 
32 32 32 32 32 16 32 8 

27 

Nleu10, S3R,q4r 32 >64 32 >64 >64 32 >64 32 32 

Nleu10, S3R,A9R >64 8 8 8 8 8 16 4 8.57 

Nleu10, 

S3R,q4r,A9R 
4 8 16 8 8 8 >64 32 

32 

Chg10 S3R,q4r 8 16 16 16 16 16 >64 16 16 

 

 

 

 

 

 

6
7
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3.3.11 Reducing synthetic costs 
Despite significant progress in optimising compound activity, synthesis even on a small scale, 

remains slow and expensive. The potential for replacing the challenging cyclisation of head-to-

side chain ester bond reaction with an easily manipulated disulphide bond facilitated through 

substitution of Thr8 and Ile11 with two cysteine residues provided a potential route to upscaled 

teixobactin synthesis. This could be achieved through an easier cyclisation reaction using 

cheaper reagents. 

Table 19 Teixobactin analogues synthesised through alternative macrocyclisation reactions: Cyclo and linear denote 
if the cysteine residues have been bound through formation of disulphide bonds or not respectively. All results reported 
in  µg/mL, with results >128 µg/mL representing growth in all wells up to 128 µg/mL. 

Teixobactin analogue MRSA 33591 MSSA 29213 

1 - L-Phe1-LGln4-L-Ile5-linear (L-Cys8-L-Arg10-L-Cys11) 128 >128 

2 - L-Phe1-LGln4-L-Ile5-cyclo (L-Cys8-L-Arg10-L-Cys11) 32-64 >128 

3 - D-Phe1-linear (D-Cys8-L-Arg10-L-Cys11) >128 >128 

4 - D-Phe1-cyclo (L-Cys8-L-Arg10-L-Cys11) >128 >128 

5 - D-Phe1-linear (L-Cys8-L-Arg10-L-Cys11) >128 >128 

6 - D-Phe1-cyclo (L-Cys8-L-Arg10-L-Cys11) >128 >128 

7 - N-D--Phe1-linear (L-Cys8-L-Arg10-L-Cys11) >128 >128 

8 - N-D-Phe1-cyclo (L-Cys8-L-Arg10-L-Cys11) >128 >128 

Arg10-teixobactin 2 2 

Vancomycin 4 4 

 

The relative activity of the synthetic compounds was assessed using MRSA 33591 and MSSA 

29213 (tab 19). The all L-amino acid uncyclised teixobactin analogue 1 displayed some limited 

activity against MRSA 33591 at 128 µg/mL. The cyclised form of the same analogue (2) showed 

a 2-4-fold improvement to activity, with an MIC of 32-64 µg/mL against MRSA. No cysteine 

containing analogue displayed any activity against MSSA. None of the other tested analogues 

displayed inhibitory activity at 128 µg/mL against either strain, despite synthesis with the same 

D amino acids as native teixobactin. Although the resultant loss of activity is significant, the 

retention of any inhibitory activity is promising for future development. 

3.3.12 Initial animal modelling 
In-vitro testing is a crucial part of drug design, allowing for testing of many compounds under 

standardised conditions at the lowest financial and ethical cost. However, once the key 

functional groups have been identified and a panel of promising compounds accumulated In-

vitro testing is no longer enough. To refine the list of lead compounds further, prior to 

introduction into mammalian modelling systems Galleria mellonella larvae were used. 
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Compounds of interest 

Compounds put forwards for testing within the G. mellonella model were selected for the 

potency of their activity and as an investigation of structural/activity relationships and can be 

seen in full in table 16 

Table 20 The compound and MIC of teixobactin analogues for in-vivo testing. The residue at position 10 is indicated 
through standard three letter codes Chg: Cyclohexylglycine. In-chain modifications are indicated by the first letter 
corresponding to the amino acid found in the native teixobactin, the number directs to the in-chain position and the 
final letter representing the arginine substituted in place, lower case lettering indicates D-isomers. 

Antibiotic compound MRSA MIC /  µg/mL 

Leu10-teixobactin 0.5 

Leu10, q4r - teixobactin 0.125 

Chg10 – teixobactin 0.25 

Ala10 – teixobactin 2 

Leu10, f1cha – teixobactin  2 

Leu10, S3, q4r - teixobactin 0.33 

Chg10, S3R – teixobactin 0.5 

Chg10, S3, q4r – teixobactin 1 

Leu10, S3, q4, A9R - teixobactin 1 

Arg10 – teixobactin 2 

Leu10, S3R - teixobactin 0.125 

Ile10 – teixobactin 0.5 

Chg10, q4r - teixobactin 0.5 

Vancomycin 4 

 

Lethal bacterial load 

Prior to any attempts to cure an infection an ideal bacterial load had to be identified. A single 

dosage point with a ~50% survival rate was ascertained to provide a single point of comparison 

between treatments. After 72 hours only dosage with CFU/mL of 1x107 (1x105 cells inoculated 

to each larvae) resulted in approximately 50% survival, and as such was selected as the bacterial 

dosage for future experiments (Fig 27). 
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Figure 27 Identifying the lethal bacterial load: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection with serially diluted populations of MRSA 33591. Survival was tracked every 24 hours and survival 
proportions displayed. Legend N=20, error bars denote SEM.  

Antibiotic toxicity 

Before attempting to treat a bacterial infection, it was crucial to assess the innate toxicity of 

these compounds to the G. mellonella model. Toxicity was tested by injecting 10 µL at three 

different concentrations, 10x, 50x and 100x the MIC against MRSA, these gave near identical 

results and as such only 100x is shown (Fig 28). A Mantel-Cox analysis of the resultant survival 

curve confirms that none of the survival curves significantly differ from each other (p=0.7293), 

and thus the compounds have been determined as non-toxic at these concentrations over a 72-

hour time period.  

 

 

Figure 28 Assessing teixobactin analogue toxicity: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following injection with the panel of teixobactin analogues. Vancomycin, a ¼ strength ringers solution supplemented 
to 1% DMSO and an untreated group were included as controls. N=30, error bars denote SEM. 
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Treating an infection 

With an appropriate bacterial dosage identified to standardise treatments and confirmation of 

no significant toxicity at the required dosage, the ability of these compounds to treat an 

infection was then investigated. 10 µL of compounds were injected from stocks at 100x the MIC 

against MRSA 33591. Vancomycin was used as the gold standard throughout the experiment, 

alongside an MRSA-only control to ensure consistent mortality in the absence of antibiotic 

treatment. Despite these compounds all displaying MIC values <2 µg/mL the range in treatment 

efficacy was broad (Fig 29-32). When one-way ANOVA statistical tests were carried out at each 

time point, only three compounds resulted in no statistical difference in survival to vancomycin 

at 72 hours (R10L, R10I and R10L Chg (Fig 32)). However, despite not demonstrating efficacy 

comparable to vancomycin, most compounds caused an increase in survival compared with no 

antibiotic treatment (with the exceptions of R10Chg, R10Chg, q4r, R10L, S3R, R10L, S3,q4R and 

R10L, S3,q4,A9R) 

 

Figure 29 Position 10 modified teixobactin efficacy: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection MRSA and subsequent treatment with teixobactin analogues with modifications to the residue at 
position 10. Survival was tracked every 24 hours and survival proportions displayed. N=30, error bars denote SEM. 
Mantel-Cox test gave that the survival curves are significantly different (p<0.0001). Significant differences in survival 

from treatment with vancomycin denoted by *, determined by one-way ANOVA at each time point with post-hoc 

Tukey test (p<0.05) 
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Figure 30 In-chain modified teixobactin efficacy A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection MRSA and subsequent treatment with leucine-10 teixobactin analogues with subsequent 
substitution of in-chain residues. Survival was tracked every 24 hours and survival proportions displayed. N=30, error 
bars denote SEM. Mantel-Cox test gave that the survival curves are significantly different (p<0.0001). Significant 

differences in survival from treatment with vancomycin denoted by *, no significant difference from the MRSA only 

control by + and a significant decrease in survival from the MRSA only control by an &, determined by one way ANOVA 
at each time point with post-hoc Tukey test (p<0.05) 

 

Figure 31 Chg10-teixobactin analogues efficacy: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection MRSA and subsequent treatment with Chg-10 teixobactin analogues with subsequent substitution 
of in-chain residues for arginine. Survival was tracked every 24 hours and survival proportions displayed. N=30, error 
bars denote SEM. Mantel-Cox test gave that the survival curves are significantly different (p<0.0001). Significant 

differences in survival from treatment with vancomycin denoted by *, no significant difference from the MRSA only 

control by + and a significant decrease in survival from the MRSA only control by an &, determined by one way ANOVA 
at each time point with post-hoc Tukey test (p<0.05) 

When the most promising treatments were plotted onto a single graph, a Mantel-Cox analysis 

reports no significant difference between the survival curves (p=0.383). Though the initial 

mortality after 24 hours should be noted for R10I and R10L, Chg.  
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Figure 32 Lead analogues treatment efficacy: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection MRSA and subsequent treatment with the top three performing teixobactin analogues. Survival 
was tracked every 24 hours and survival proportions displayed. N=30, error bars denote SEM. Mantel-Cox test gave 
that the survival curves are not significantly different (P0.383). Significant differences in survival from treatment with 
vancomycin denoted by determined by one-way ANOVA at each time point with post-hoc Tukey test (p<0.05) 
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3.4 Discussion 
Native teixobactin has demonstrated promising activity against a broad spectrum of Gram-

positive and myco-bacteria, including successful reduction of bacterial load in mouse sepsis and 

rabbit respiratory models (Lawrence et al., 2020; Ling et al., 2015). The difficulty of obtaining 

sufficient quantities of l-allo-enduracididine slowed initial attempts to synthetically produce 

native teixobactin, presenting a barrier to research until the successful synthesis of an active 

teixobactin analogue substituting l-allo-enduracididine for arginine (Jad et al., 2015; Parmar et 

al., 2016). Though roughly 4x less active than native teixobactin, the retained trends in inhibitory 

activity paved the way for further investigation into the structure/activity relationship of 

teixobactin. 

The successful substitution of l-allo-enduracididine for arginine, resulting in an active analogue, 

demonstrated that position 10 in the chain can tolerate some modification. Thus, making it the 

clear starting point for further modifications (Fig 9). Though L-allo-enduracididine is a cyclised 

product of arginine metabolism, arginine is not its closest structural analogue (Jad et al., 2015; 

Parmar et al., 2017). Initial substitution of other proteinogenic amino acids at position 10 

revealed that, although some substitution can be tolerated, not all amino acids are suitable for 

maintaining active derivatives (Parmar et al., 2017).  

In general, inclusion of hydrophobic residues at position 10 tends to result in potent activity 

against MRSA. Leucine and isoleucine are particularly promising substitutes, with activity that 

closely imitating the activity of native teixobactin against MRSA. Interestingly, though 

incorporation of arginine results in an active teixobactin analogue, the similarly basic histidine 

has been noted to cause a notable decrease in inhibitory activity (Wu et al., 2017). It is currently 

unclear if this is due to the decreased length of the R group preventing interaction of functional 

groups, the decreased relative basicity or if there is another undetermined factor determining 

activity (Wu et al., 2017). The importance of the cationic charge around position 10 is reinforced 

by the elimination of activity when amino acids with neutral or acidic side chains are 

incorporated. 

The exception to this is with the substitution of alanine to position 10, which produces an 

analogue with activity indistinguishable from arg10-teixobactin. The retention of activity in an 

analogue without a cationic residue at position 10 suggests that it is not a simple matter of 

electrostatic charge, but that the hydrophobicity of the residue is crucial, hence the comparable 

activity of Ala10 and Leu10 teixobactin (Yang et al., 2016). It should be noted that it that the L-

orientation of position 10 appears vital, with >20-fold increase in MIC when D-alanine was 

substituted into position 10 in place of the L-enantiomer. 
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At the time of the conception of this study, arg10-teixobactin was the most active teixobactin 

analogue that had been tested and demonstrably followed the trends of activity of native 

teixobactin, in addition to sufficiently available to facilitate biological investigation, making it the 

in-house model compound moving forwards (Fig 33) (Jad et al., 2015; Parmar et al., 2016).  

 

Figure 33 Key residues associated with position 10 of teixobactin: from left to right, arginine, lysine, cycle hexylglycine 
and l-allo enduracididine. 

Incorporation of a variety of non-proteinogenic isosteres of arginine and lysine at position 10 

resulted in the production of a library of analogues exhibiting <4 µg/mL MIC values against 

MRSA.  As residues that are structurally analogous to enduracididine, it is unsurprising that Dab 

and Orn demonstrate potent activity. It appears that a longer side chain at position 10 is 

advantageous, with compounds containing a shortened carbon chain such as DAP and GABA 

exhibiting notably decreased activity. Though both DAP and GABA possess high structural 

similarity to enduracididine, the shortened carbon chain limits flexibility preventing optimal 

binding. 

Appearing to contradict these trends, extending the length of the side chain and mimicking the 

structure of enduracididine, the incorporation of cyclohexyl glycine (Chg) generated an analogue 

with activity against S. aureus identical to native teixobactin. Chg is far more readily available 

that enduracididine, and as such this may provide a route to feasible future large-scale 

syntheses. 

This demonstration of the retention of activity following the incorporation of non-proteinogenic 

residues confirms the potential for future optimisation of teixobactin analogues. Using synthetic 

chemistry, non-proteinogenic amino acids can be incorporated that have structural features 

unseen in genetically encoded amino acids (Hubbard et al., 2000). Through this is the 

opportunity to fine-tune the activity of future teixobactin compounds, in addition to 

optimisation of vital pharmacokinetic properties and improved resistance to pre-existing AMP 

resistance mechanisms such as protease degradation (Ding et al., 2020; Fichtner et al., 2017; 

Kasperkiewicz et al., 2012). 
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3.4.1 Structure-activity relationship 

The role of stereochemistry 

Almost all biological processes revolve around L-oriented amino acids, although D-oriented 

residues have been observed across almost all taxa of life, they are significantly less frequently 

used. It should be noted that D-amino acids are most often incorporated through non-ribosomal 

synthetic process, including the biosynthesis of teixobactin (Grishin et al., 2020; Ling et al., 

2015). Though our understanding of the biological function of D-amino acids has improved, the 

intricacies of their roles are still poorly understood (Aliashkevich et al., 2018). D-amino acids are 

more frequently utilised by bacteria, it is thought that the inclusion of D-oriented residues 

reduces the affinity of the resultant peptide to many proteases, thus often extending the active 

half-life of an extracellular peptide (Aliashkevich et al., 2018). Teixobactin contains four D-amino 

acids within the peptide chain, which although rare is not unique, with other non-ribosomally 

synthesised AMPs such as bacitracin and polymyxin also utilising D amino acids (Ollivaux et al., 

2014). 

D-Thr8 is crucial as the site accepting the ‘head to side’ macrocyclic ring, and does not tolerate 

stereochemical inversion, the L-isomer totally nullifying antimicrobial activity (Yang et al., 2016). 

The inversion to L-Thr8 is not amenable to facilitating the folding required for forming the 

correctly shaped ring structure that is required for teixobactin activity (Yang et al., 2016).  

This loss of activity is mirrored when the other D residues, D-Phe1, D-Gln4 and D-Ile5, are 

substituted for their L-enantiomers resulting in drastic losses to activity. Substitution of D-Gln4 

or D-Ile5 alone results in no detectable antimicrobial activity. Only L-Phe1 retains any notable 

activity, supporting the hypothesis that D oriented amino acids are crucial to internal teixobactin 

folding, and as such as it is at the peptide N terminus does not totally prevent the correct 

assumption of secondary and tertiary structure. (Parmar et al., 2017). Taken together it appears 

that, in addition to enhancing the stability of teixobactin amongst the numerous proteases 

present within the soil, the presence of D amino acids within teixobactin facilitate the correct 

folding that results in the potent activity of teixobactin.  

Given that all four D-amino acids appear vital to the antimicrobial activity of teixobactin, it is 

surprising that a teixobactin analogue with all four D amino acids replaced for their L 

counterparts results in an analogue that, though totally void of activity, can still effectively bind 

lipid II in-vitro (Parmar et al., 2017). However, the limitations on in-vitro experimental conditions 

make it impossible to ascertain that this is not due to the relatively free availability of lipid II in 

solution, rather than incorporated into a bacterial cell wall. This is a crucial consideration when 

analysing future compounds with binding assays and highlights the important role of microbial 

assays in drug development. 
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An attempt to simplify the synthetic production of novel teixobactin analogues utilised 

modification of the macrocyclic ring, this facilitated the incorporation of a disulphide bridge 

between two cysteine residues, removing the challenging ‘head to side’ cyclisation reaction. This 

drastic modification to the structure resulted in a shifted pattern of activity. Only the all L-amino 

acid teixobactin analogue exhibiting any inhibitory activity against S. aureus (Malkawi et al., 

2018). As such it appears that the interaction between the head and tail regions is not fixed, as 

such future teixobactin analogues may be built that do not require the more expensive D 

oriented amino acids. 

Crucial residues to maintaining activity 

It has been demonstrated that residues 1-5 of teixobactin can be replaced with a lipid 

dodecanoyl chain (lipobactin). Whilst this analogue exhibited reduced activity, through this the 

minimal teixobactin pharmacophore could be identified as the cyclic head region bound to Thr8 

(Yang et al., 2016). The same study showed that it is the relative configuration of the amino acids 

in the ring that is crucial to teixobactin substrate binding and activity, not the specific residues 

themselves. 

Of course, though this highlights that it may be the hydrophobicity of the tail region that is key 

to activity, a long lipid tail is often not conducive in drug design as has been seen in the 

development of moenomycin A (Ostash & Walker, 2010). As such, to investigate the individual 

role of specific residues within the tail region and inform future compound design, residues 1-7 

of arg10-teixobactin were sequentially substituted for alanine (Parmar et al., 2017). The process 

of ‘alanine scanning’ AMPs has previously been effectively used to identify the functional 

importance of each residue within the greater structure. Alanine is ideal for identifying the 

contribution of each residue due to its non-bulky, chemically inert, methyl functional group that 

does not tend to interfere with the formation of local secondary structures (Weiss et al., 2000). 

The resultant analogues incorporating alanine at positions 1-7, barring L-Ala3 and D-Gln4, 

exhibited a significant or total loss of inhibitory activity (Parmar et al., 2017). The loss of activity 

resulting from replacing D-Phe1, Ile2, D-Ile5 or Ile6 may be a result of the reduced hydrophobicity, 

or decreased side-chain length, of alanine. A reduction in the net hydrophobicity of the N-

terminus of the peptide would compromise the crucial role that it plays in anchoring teixobactin 

to the bacterial membrane (Yang et al., 2016).  

The peptide chain likely pivots from parallel to the bacterial membrane around Ser7, facilitating 

the presentation and binding of the macrocyclic ring. As such, the absence of the hydroxyl group 

in Ala7-teixobactin only reduces, not eliminates, antibiotic activity as a result of the less 
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favourable interactions required for the formation of the secondary and tertiary structure 

required for the maintenance of antibiotic activity (Wu et al., 2017). 

The identification of which functional groups are required for the conservation of in-vitro 

teixobactin activity, and by extension which sites may be more amenable to modification, 

facilitate further modification at these sites to investigate the potential of improving the 

spectrum of activity or optimisation in-vivo activity (Gorr et al., 2019). The effect of sequentially 

substituting L-Ser3 and D-Gln4 and L-Ala9 with a cationic arginine residue was assessed. Arginine 

was selected as it is an all-round substitute, with an approximate balance between residue 

charge, side chain length and hydrophobicity required for teixobactin activity. 

The introduction of a single arginine residue does not have a notable impact upon the potency 

of the resultant analogue, regardless of the substitution site. Generally, the number of arginine 

residues incorporated does not strongly correlate with a notable change in activity against 

MRSA. Though Leu10-teixobactin with three in-chain arginine substitutions had an MIC 

approximately ten times higher than Leu10-teixobactin, the MIC was still below 2 µg/mL (Parmar 

et al., 2018). These analogues were then tested in the presence of human serum, which saw 

some small increases to in MIC values when compared with serum-free tests. The exception to 

this was Leu10-teixobactin with three arginine residues, with >100 times increase in MIC 

observed. Though fewer arginine residues, and hence fewer cationic charges, generally 

correlates with better antibiotic activity there are too many exceptions for this to be the sole 

factor governing activity. One explanation is that, in addition to conveying a cationic charge, the 

incorporation of multiple arginine residues disrupts the amphiphilic nature of teixobactin 

(Edwards-Gayle et al., 2020). Hence, the differing pattern of response seen in arg10-teixobactin 

analogues. It should of course be noted that, though the incorporation of multiple arginine 

residues can reduce the potency of the resultant compound, even the triply substituted 

compounds still retain a good activity profile across multiple strain and species (Parmar et al., 

2018).  

These trends appear to largely carry over when a non-proteinogenic residue is substituted to 

position 10. Cyclohexyl glycine (Chg) is a glycine residue with a cyclical hexyl group bound at the 

amine group, norvaline is a linear non-branched isomer of valine. The use of either glycine or 

valine at position 10 of teixobactin results in compounds with <5 µg/mL activity against S. 

aureus, and their non-proteinogenic counterparts appear even more active (<1 µg/mL). Unlike 

Leu10 or Ile10 teixobactin though, the triple substitution of arginine alongside these non-

proteinogenic residues leads to a near total loss of activity. 
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This could again be a result of the shift in hydrophobicity, Nva and Chg are both more 

hydrophobic than Arg, but less so than Leu/Ile. So though this may be a contributing factor, 

though the total loss of activity suggests that a more complex, hitherto unknown interaction is 

at play (Kovacs et al., 2006). 

Diaminopimelic acid (Dap) is derived from lysine, with a carboxyl group added to the terminal 

carbon of the side chain. The inclusion of Dap at Ser3, D-Gln4 and Ala9 gives an activity trend 

differing from substitution with Arg. Compounds with either q4dap and a triple Dap substitutions 

result in compounds that are inactive against S. aureus. Whereas the combination of two Dap 

substitutions, though less active than arg10 teixobactin, results in analogues with an MIC <10 

µg/mL against S. aureus. It may be that Dap is well tolerated by increasing the hydrophobicity of 

the tail region, but that q4dap may not be able to fold correctly as a result of the long, charged 

side chain.   

The process of alanine scanning revealed that five of the residues 1-7 were rendered significantly 

less active when replaced with alanine. Though of course alanine is ideal for identifying sites that 

can be replaced with a residue that does not contribute through its side chains, a lack of activity 

does not mean that other residues cannot be utilised that are closer structural or functional 

homologues (Morrison & Weiss, 2001). As such the role and flexibility of the N-terminus NMe-

D-Phe1 was investigated, substituting it for several other residues, some that are close analogues 

and others markedly different.  

The additional hexyl group of cyclohexyl alanine (Cha) appears to effectively overcome the 

inactivity of Ala1-teixobactin. Though D-Ile and D-Leu lack the carbon ring of D-Chg or D-Cha, the 

high hydrophobicity appears to cause the retention of antibiotic activity. It has been previously 

shown that removal of the N-methyl group has no impact upon antibiotic activity (Monaim et 

al., 2017), though the unmethylated phenylalanine at position 1 removes all activity. Despite 

containing an aromatic ring and appropriate hydrophobic properties, the use of D-Trp renders 

the resultant analogue inactive, this may be due to the altered orientation of the benzyl group 

interfering with docking with lipid II at the cell wall (Monaim et al., 2016). 

The potent bactericidal activity of teixobactin is an attribute that has resulted in excitement 

around its clinical potential (Homma, et al., 2016). The majority of tested teixobactin analogues 

displayed killing activity at concentrations comparable to teixobactin, with smaller fold increases 

in MBC than their MIC compared to native teixobactin. The non-proteinogenic Nva appears to 

be especially poorly tolerated when attempting to maintain bactericidal activity, with potent 

inhibitory activity but requiring significantly increased concentrations to kill S. aureus. The 

relative consistency in MBC between the analogues may be a result of the mechanism by which 
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teixobactin actually kills bacteria. Though it is well established that teixobactin binds lipid II, 

likely via coordination of the cyclic head around the phosphate group, it is known to also bind 

to lipid I and cell wall precursors such as teichoic acid which results in cell lysis (Homma, et al., 

2016; Ramchuran et al., 2018). Because the vital pharmacophore of teixobactin is in the head 

region, the N-terminus of teixobactin, subject to requirements, is actually amenable to some 

significant structural change (Yim et al., 2020). 

Mechanism of action 

Through a collective approach within the scientific community it has been possible to more 

accurately discern the mechanism of action underpinning the potent activity of teixobactin 

family compounds. Initially it was assumed that the activity of teixobactin was achieved through 

one-to-one binding of cell wall precursors, resulting in cell stasis and death (Karas et al., 2020; 

Ling et al., 2015).  

This direct binding to lipid II was demonstrated through both NMR and crystallographic studies 

(Shukla et al., 2020; Yang et al., 2016). Recently deeper investigation has demonstrated that, in 

the presence of a bacterial membrane, each teixobactin molecule only weakly binds to lipid II. 

Instead determining that it is through the cumulative binding of lipid II clusters, achieved 

through the formation of an antiparallel beta-sheet secondary structure inducing localised 

aggregation (Öster et al., 2018). This secondary structure facilitates the alignment of the 

hydrophobic N-Me-Phe1, Ile2, Ile5, and Ile6 residues as membrane anchors (Wen et al., 2018), 

whilst facilitating the hydrogen bonding required for beta-sheet formation through the 

alignment of D and L amino residues on the same side of the beta-sheet (Shukla et al., 2020; 

Zong et al., 2019) (Fig 34). It is likely that each teixobactin molecule is intrinsically highly 

disordered until docked into the cellular membrane, facilitating the moving of the head region 

into position to bind the pyrophosphate site of local lipid II. 

Though this model still puts lipid II as the principal target for teixobactin, it highlights the 

importance of tempering the results achieved through in-vitro experiments as they can overlook 

vital aspects underpinning the mechanism of action (Parmar et al., 2017).  
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Figure 34 Structure of the [R4L10]-teixobactin–Lipid II complex in the membrane,. A [R4L10]-teixobactin aligns into 
antiparallel fibre-like β-sheets (yellow). Lipid II PPi is shown in red, MurNAc in magenta, GlcNAc in green. Backbone 
nitrogen and amino protons that coordinate PPi are shown explicitly. b Lipid II binding site of [R4L10]-teixobactin. 
Amino protons of the ring motif and the N-terminus coordinate PPi, while nonpolar groups of MurNAc (in pink) face 
the Leu10 sidechain. c Hydrophilic residues (Ser3, Arg4, Ser7; in cyan) of [R4L10]-teixobactin are water-exposed; 
hydrophobic residues (N-Me-F1, Ile2, Ile5, Ile6; in brown) and the Lipid II isoprenyl tails point towards the membrane. 
d View from the membrane-site of [R4L10]-teixobactin: the membrane-embedded isoleucine residues align (Shukla et 
al., 2020). 

Upon successful docking of the teixobactin tail region, the successful inhibition of bacterial 

growth is dependent upon the effective binding facilitated by the circular ring motif of the head 

region. For this there is a degree of flexibility that can be tolerated at position 10 in place of 

enduracididine, with cationic residues being well tolerated, but hydrophobicity appearing to be 

the vital trait of the substituting residue for activity to be retained in MRSA and VRE. These 

charges are vital to the formation of the ‘cage-like’ structure that the head ring structure forms 

around the negatively charged pyrophosphate group (Shukla et al., 2020; Yang et al., 2017). 

3.4.2 Multi-species activity 
Biological testing of activity can be utilised in parallel with chemical synthesis to rapidly identify 

active fractions that should be targeted for further molecular analysis (Benz et al., 2019). To 

facilitate the screening of a rapidly growing library of teixobactin analogues S. aureus 33591 was 

utilised as the initial screening strain. This allowed for consistent and direct comparisons of 
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inhibitory activity, ensuring continuity across all analogues. Though S. aureus is undoubtedly an 

important clinical pathogen, it is important to ensure that the breadth of activity for a new 

antibiotic is fully understood (Leekha et al., 2011). To facilitate this, testing was first expanded 

to a wider panel of Gram-positive bacteria, before then assessing retained activity in Gram-

negative species. 

Though this antibiotic testing was far from exhaustive, with only single strains tested for most 

species, potent activity has been demonstrated by multiple teixobactin analogues against 

multiple species, including vancomycin resistant E. faecium. Because of these promising results, 

it was possible to outsource and upscale the screening process. Allowing for testing against an 

increased number of bacterial strains, including those with unique mutations granting resistance 

to other cell wall targeting antibiotics. This wider-scale testing revealed the retention of activity 

across multiple Gram-positive species (Parmar  et al., 2017; Parmar et al., 2018). 

Against MRSA, substitutions at the N-terminus of the peptide were broadly tolerated, with 

multiple analogues retaining activity. Not all analogues with activity in MRSA retained their 

inhibitory capability in other Gram-positive species.  D-Leu1-teixobactin for example, despite an 

MIC of 8 µg/mL against MRSA, displayed no inhibitory effect against S. epidermis or B. subtilis. 

It seems likely that this is a result of intrinsic variation between species in cell membrane and 

cell wall composition, though the components are consistent, the exact composition of 

phospholipids, fatty acids and lipoteichoic acid vary wildly between species (Malanovic & 

Lohner, 2016). Despite these points of variation, the activity of synthetic teixobactin analogues 

is broadly conserved between multiple species, suggesting that the mode of action of 

teixobactin analogues is conserved across species boundaries, and that future analogues are 

also likely to remain broad spectrum targeting (Maxson & Mitchell, 2016). 

Following confirmation that the activity of teixobactin analogues against MRSA was conserved 

across multiple Gram-positive species, this was extended to testing against Gram-negative 

species. Previously, the coupling of arginine to AMPs with poor activity against Gram-negative 

bacteria has resulted in increased activity through improved delivery to the antibiotic target 

(Antonoplis et al., 2019). As such the effect of substitution of arginine at sites amenable to 

change, Ser4, D-Gln4 and Ala9 was investigated (Lee et al., 2019).  

Testing against an E. coli mutant with a compromised extracellular membrane confirmed that, 

as with native teixobactin, it appears to be delivery to the cell wall that limits activity against 

Gram-negative bacteria. This has since been further confirmed by a demonstration that, despite 

the differences in structure, teixobactin can bind lipid II isolated from Gram-negative and Gram-

positive bacteria (Chiorean et al., 2020). All analogues with tested that had activity against MRSA 
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also demonstrated activity against the membrane compromised strain of E. coli at ≤64 µg/mL. 

As has been shown for native teixobactin, the MIC of each analogue was at least 2-fold greater 

against a wild-type E. coli strain, with several compounds displaying inhibitory activity 

comparable to native teixobactin (≤32 µg/mL) (Ling et al., 2015). The substitution for arginine at 

the variable points appears to be enough to improve compound delivery in the wild-type E. coli 

strain, with substitution of Ser3 and Ala9 appearing especially effective.  

Analogues exhibiting improved delivery and activity against E. coli were screened against A. 

baumannii, alongside additional analogues utilising the non-proteinogenic NorLeucine (Nle) at 

position 10. Many of these compounds inhibit A. baumannii at notably lower concentrations 

than is observed for E. coli. This is unsurprising as, though highly effective at acquiring antibiotic 

resistance mechanisms, A. baumannii generally exhibits low innate resistance to many 

antibiotics (Lee et al., 2017). The inclusion of the side chain of arginine appears to improve 

activity whether in place of Ser4, D-Gln4 or Ala9, though the substitution of all three 

simultaneously impeded inhibitory activity. 

Though testing against A. baumannii appears to show that Nle10-teixobactin is slightly less 

potent than other analogues, the high synthetic yield makes it an ideal framework to determine 

trends of activity against other Gram-negative species. P. aeruginosa and K. pneumoniae are 

both notoriously difficult to treat bacteria, with broad intrinsic resistance mechanisms alongside 

the ability to readily acquire mobile resistance genes from their environment (Bernardini et al., 

2019; Pang et al., 2019). This makes the inactivity of Nle10-teixobactin analogues with a single or 

double arginine substitution expected, a result of the powerful exclusion and efflux well 

documented in making delivery of antibiotics to their target difficult (Ma et al., 2020).  

The inclusion of three arginine residues results in the successful inhibition of growth against K. 

pneumoniae and P. aeruginosa at 32 µg/mL, in addition to potent (8 µg/mL) inhibitory activity 

against wild-type E. coli. The increased activity achieved against these Gram-negative species 

appears to come at a cost, with the increasing number of arginine residues correlating with 

decreased activity against MRSA and A. baumannii. This shift in activity could be a combination 

of the increased positive charge causing attraction to and accumulation within the additional 

Gram-negative bacterial outer membrane alongside the shift in hydrophobicity (Richter et al., 

2017).  

Though there are distinct intrinsic differences in the composition of the cell wall of Gram-

negative bacteria, in particular the structure of lipid II, made it vital to demonstrate that the 

issue surrounding the activity of teixobactin activity in Gram-negatives is one of delivery, not 

target specificity (Breukink & De Kruijff, 2006; Cochrane et al., 2016; Münch & Sahl, 2015). 
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Polymyxin B, an antibiotic known to target and damage the outer membrane of Gram-negative 

bacteria (Trimble et al., 2016), was applied at sub-lethal MIC concentrations in concert with 

teixobactin analogues against A. baumannii, E. coli, K. pneumoniae and P. aeruginosa (Zabawa 

et al., 2016).  To ensure there were no unexpected interactions between polymyxin and 

teixobactin, the intrinsically polymyxin resistant MRSA was used, demonstrating no impact from 

co-treatment with polymyxin B (Chang et al., 2015). Co-treatment with polymyxin B had little 

benefit against A. baumannii, only demonstrating a notable improvement in activity against 

moenomycin A which is well known for its inability to penetrate the outer bacterial membrane 

(Ostash & Walker, 2010). Potentiation of E. coli with polymyxin B has a drastic impact upon the 

effectiveness of all tested compounds, reducing the MIC to ≤4 µg/mL. A similar trend is see in K. 

pneumoniae, with co-treatment with polymyxin B reducing the MIC in all tested compounds 

except S3,q4,A9RR10Nle which failed to inhibit growth up to concentrations of 64 µg/mL. 

Against P. aeruginosa on the other hand, the addition of polymyxin B only improved the MIC of 

S3,q4,A9RR10Nle, potentially due to the dense, charged LPS surrounding the cell effectively 

excluding the other compounds (Zhang et al., 2000). 

With an initial screening completed using in-house strains, through collaboration with PHE it 

was possible to screen the most promising compounds against a wider number of strains. To 

test the true effectiveness of each teixobactin analogue, polymyxin B nonapeptide (PMBN) and 

efflux inhibitor Phenylalanine-Arginine Beta-Naphthylamide (PAβN) were utilised as co-

treatments. PMBN is a polymyxin B derived peptide that lacks the fatty acid tail of polymyxin, 

making it significantly less effective at inhibiting bacterial growth, but retaining the ability to 

permeabilise the outer membrane (Vaara, 2019). PaβN is an efflux-pump inhibitor that has been 

shown to also increase the uptake of large antibiotics such as vancomycin that are usually 

intrinsically excluded from the periplasmic space of Gram-negative bacteria (Lamers et al., 

2013). The use of PaβN had no beneficial effect to the activity of any tested analogue, conversely 

the addition of PMBN improved the activity of each analogue against A. baumannii and E. coli, 

but had no effect against K. pneumoniae or P. aeruginosa. It should be noted, that arg10-

teixoabactin saw the smallest average increase to activity following the application of PMBN, 

possibly highlighting the complementary delivery mechanisms of in-chain modifications and 

permeabilising agents (Velkov et al., 2010). To concentrate resources, further testing against K. 

pneumoniae and P. aeruginosa was ruled out to focus on the established activity against A. 

baumannii and E. coli alongside PMBN. 

The screening of an extended panel of E. coli strains revealed that the trends of activity mirrored 

the initial MICs determined with in-house strains. Though activity against A. baumannii strains 

was not as potent as the in-house strain, inhibition of growth was observed across all analogues, 
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though Nle10S3,q4R-teixoactin exhibited activity only at high concentrations against a single 

strain. Except colistin resistant A. baumannii strains, the supplementation of PMBN to the 

treatment reduced the MIC for all compounds against every tested strain. This further reinforces 

the hypothesis that it is the exclusion of teixobactin from the cell wall that reduces the inhibitory 

effect, and that if further modifications can be made to improve delivery to the Gram-negative 

cell wall then it could be possible to develop analogues with narrow specificities against specific 

pathogens to reduce collateral microbiome damage (Melander et al., 2018). 

3.4.3 In-vivo activity 
With a breadth of data identifying the crucial residues and motifs that convey in-vitro activity, 

focus must turn to the retention of activity in an in-vivo system. The use of small mammals such 

as mice is costly and bears ethical issues that limit the access of many promising treatments to 

in-vivo trials. In recent years the larvae of the wax moth Galleria mellonella has become a 

popular early stage animal model to screen potential compounds for activity to prevent 

unnecessary usage of mammalian models (Ramarao et al., 2012; Tsai et al., 2016). To allow for 

the comparison of the largest number of compounds, the already well-established methicillin 

resistant S. aureus ATCC 33591 was used as the infective agent throughout (Cutuli et al., 2019). 

Before the efficacy of synthetic teixobactin analogues in treating a bacterial infection could be 

established two preliminary experiments were required, the lethal bacterial load and compound 

toxicity. The number of cells inoculated directly affects the survival of G. mellonella following 

inoculation (Tsai et al., 2016). To allow for easy, direct comparison between antibiotic 

treatments the dosage at which approximately 50% of the population survives after a 72-hour 

period was found, this time frame allows for comparison of the immediate and extended effects 

of antibiotic dosing (Thomas et al., 2013). Of course, before the efficacy of an antibiotic 

treatment can be assessed, the toxicity of the antibiotic to the host must be established (Ignasiak 

& Maxwell, 2017). As was observed with the native teixobactin in a mouse model, none of the 

analogues exhibit significant increase in mortality over a 72-hour period at 100x their MIC 

against S. aureus. 

Of the thirteen teixobactin analogues that were tested using the wax moth model, there was no 

clear correlation between MIC value and G. mellonella survival. Only Leu10-teixobatin directly 

mirrored the survival rates of the current gold standard vancomycin across the entire 72-hour 

period following infection. Ile10 and Leu10Chg1 teixobactin both resulted in the same total 

survival after 72-hours as vancomycin, but with higher mortality at 24- and 48-hours post 

infection.  
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Though the inclusion of in-chain arginine residues can play a role in increasing delivery to the 

cell-wall of Gram-negative bacteria, the activity of analogues containing these modifications 

decreases in a roughly linear trend with the number of arginine residues. Many host-innate 

immune defence peptides are positively charged, so it may be that the combined impact of 

shifting the charge and hydrophobicity with subsequent arginine substitutions reduces the 

affinity or availability of the teixobactin analogue within the wax moth model (Vergis et al., 

2019). This is a trend that carries over between analogues with either Leu or Chg at position 10.  

It would be interesting to test the in-vivo effectiveness of teixobactin analogues using the G. 

mellonella model in the treatment of a Gram-negative infection such as A. baumannii or E. coli. 

This could answer if the poor trend of activity that is seen with the accumulation of arginine 

residues is a result of their reduced effectiveness against S. aureus or if it is a result of other 

interactions that are associated with treating an infection within an organism, 

3.5 Conclusion 
Through the sequential modification and testing of teixobactin analogues, the 

structure/activity relationships of this exciting new compound have been significantly 

advanced.  

Crucially, this work has highlighted the flexibility of substituting position 10 away from the rare 

L-allo-enduracididine and identified which residues in the peptide chain are integral to the 

retention of activity and which are amenable to substitution. Modification of these residues 

resulted in promising optimisation of teixobactin analogues against clinically relevant Gram-

negative strains alongside demonstrable in-vivo efficacy comparable to the clinical gold-

standard vancomycin. 

When the progress here is combined with the progress made in the wider scientific 

community, teixobactin and its analogues have advanced closer to the beginning of the 

extensive animal studies required for clinical studies to be considered.



87 
 

Chapter 4 The development of de novo 

resistance to arg10-teixobactin and moenomycin 

A 
4.1 Introduction 
The cyclical approach to controlling bacterial disease that has seen the repeated introduction of 

new antibiotics, followed by the rapid acquisition and spread of resistance, is not a sustainable 

model for disease control. The situation is exacerbated by the lack of novel antibiotics obtaining 

clinical approval, and those that have been approved, such as cefiderocol and lascufloxacin, 

belonging to existing antibiotic classes (Kohl, 2020). Though the development of antibiotic 

resistance is seen as inevitable; the rate at which bacteria acquire antibiotic resistance, 

rendering antibiotics obsolete, is accelerated by poor antibiotic stewardship allowing improper 

and over-usage (Aslam et al., 2018). In the past, investigations into the rate and mechanisms of 

antibiotic resistance have often been overlooked in the pre-clinical stage of development (Aslam 

et al., 2018). In the future, the established drug development pipeline must include assessments 

of the propensity for antibiotic resistance to develop, allowing this to inform their clinical 

introduction (Hughes & Karlén, 2014).  

Bacteria can become resistant to antibiotics through the acquisition of foreign genetic material, 

or by accumulating de novo genetic mutations (Melnyk et al., 2015). Though the horizontal 

transmission of DNA between resistant and susceptible individuals is important, particularly 

regarding the dissemination of resistance mechanisms (Palmer et al., 2010), it is the 

development of novel de novo resistance mechanisms acquired through point mutations that 

will be discussed herein. 

The high mutation frequency of bacterial genomes underpins their rapid adaptability to novel 

environmental stresses, including antibiotics (Windels et al., 2019). Within a dynamic 

environment, evolutionary selection pressures drive the survival and radiation of mutations that 

convey a survival advantage (Toprak et al., 2012). Thus, when under sustained antibiotic 

selection pressures, the acquisition of a mutation conveying resistance in a single cell may be 

enough to create an entire population of resistant individuals (Fig 35) (Levin-Reisman et al., 

2017). 
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Figure 35 Antibiotic selection pressure: From left to right, a population with heterogeneous levels of antibiotic 
resistance (green low resistance, brown high resistance), then with the survival of resistant individuals following 
antibiotic exposure and subsequent generation of a homogeneous resistant population. 

A single point mutation is rarely able to convey high level antibiotic resistance without significant 

associated fitness costs. This can be clearly seen in the relative fitness of strains attaining 

resistance to streptomycin and erythromycin through point mutations and their reduced relative 

fitness in the absence of antibiotic selection (Melnyk et al., 2015). 

Many antibiotic resistance mechanisms are associated with an intrinsic fitness cost to the 

individual as a result of modifications to key biological pathways (Melnyk et al., 2015). This is 

exacerbated for de novo resistance mechanisms achieved through point mutations, frequently 

regressing against evolutionary optimisation to overcome antibiotic activity (Andersson & 

Hughes, 2011). The retention rate of antibiotic resistance mechanisms is dependent upon 

continued vertical transmission of the genotype across generations (Turner et al., 1998). 

Resistant mechanisms are more likely to be retained when under antibiotic selection pressures, 

where the mutation directly improves the fitness of the individual in its environment (Lopatkin 

et al., 2017). However, in the absence of antibiotic selection pressure, any fitness cost associated 

with the resistance mutation may no longer be offset by increased survivability in the current 

environment (Wiesch et al., 2010). As such, the higher the fitness cost associated with a 

resistance mechanism, the less likely it is that the mutation will spread or persist within a 

population when antibiotic selection pressures are absent (Cottell et al., 2012). 

When considering the development of novel antibiotic resistance mechanisms, it is vital to 

consider evolution as a dynamic process. Layering mutations and modifications on top of each 

other to transform intermediary antibiotic tolerance, into high level resistance (Davies & Davies, 

2010). For this reason, repeated sub-culturing of a closed population under selective pressure 

can drive the creation of multi-step antibiotic resistance in a model of the evolutionary systems 

at play outside of the tightly controlled environment of a lab (Buckling et al., 2009; Normark & 

Normark, 2002; Toprak et al., 2012). 

The plasticity of bacterial genomes facilitates the accumulation of mutations, when happening 

at a population level this commonly results in compensatory mutations that function to stabilise 
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an antibiotic resistant population (Andersson, 2006; Loftie-Eaton et al., 2017). Compensatory 

mutations frequently affect either the proteins associated with the original resistance mutation 

or through ‘metabolic rewiring’ to counteract an resultant energy deficit (Durão et al., 2018; 

Olivares Pacheco et al., 2017). 

Many antibiotics share, or have ‘adjacent’ molecular targets, the relatively small number of 

suitable antibiotic targets frequently results in resistance to one antibiotic inadvertently 

providing cross-resistance to another (Sanders et al., 1984). Resistance mechanisms that convey 

just a small level of cross resistance can provide enough of an advantage to facilitate the survival 

and proliferation of the genotype when it could otherwise be lost, particularly within a clinical 

environment (Andersson & Hughes, 2011).  

An understanding of the resistance development profile for a novel antibiotic is crucial to 

maximising the effectiveness of its clinical introduction. It is important to not only discern the 

likelihood of resistance arising and potential mechanisms of resistance, but also the 

physiological changes impacting the fitness of resistant populations (Wiser & Lenski, 2015). 

Producing a representative measure of cellular fitness can pose a significant challenge, with no 

single measurement able to provide a comprehensive comparison (Melnyk et al., 2015). For 

example, the relative growth rate of bacteria in monoculture gives a simple comparable value, 

but is in no way representative of a natural system (Pope et al., 2010). Other in-vivo tests include 

assessing survival of possible environmental stresses such as temperature and osmotic 

pressures (Guo et al., 2012). Assessment of in-vitro fitness allows for easy, rapid and repeatable 

assays that can be easily compared, and may hint towards the persistence of resistance 

mechanisms within a population (Andersson & Hughes, 2011), but the impact upon in-vivo 

fitness must also be considered (Brickman et al., 2006). 

The wax moth Galleria mellonella is an ideal in-vivo pre-mammalian modelling system, not for 

replacing, but for reducing the dependence upon mammalian models (Pereira et al., 2018). 

Compared even to cheap mammalian models such as mice, wax moth larvae are cheap to 

maintain, have no need of specialised equipment or training and do not require complex ethical 

approval for testing (Ramarao et al., 2012). Furthermore, unlike many other insects, G. 

mellonella can survive at 37°C, preventing temperature related changes to bacterial virulence 

(Konkel & Tilly, 2000). These attributes make G. mellonella an ideal animal model for high-

throughput comparisons of bacterial pathogenicity. 

Moenomycin A and teixobactin are antibiotics that, despite showing promise as novel clinical 

treatments, have not yet obtained approval for use in a clinical setting. Both are naturally 

occurring compounds that exhibit potent inhibitory activity against cell wall synthesis in Gram-
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positive bacteria (Ling et al., 2015; Ostash & Walker, 2010). Moenomycin is unique for its direct 

competition with lipid II for the glycosyltransferase active site, inhibiting the extension of the 

nascent peptidoglycan chain (Halliday et al., 2006). Teixobactin on the other hand directly binds 

lipid II and other cell wall precursors, removing them from circulation and halting growth or 

repair of the bacterial cell wall (Hommaet al., 2016; Yang et al., 2017).  

Though the precise mechanism through which inhibition is achieved may differ, moenomycin A 

and teixobactin have both demonstrated recalcitrance to the development of antibiotic 

resistance, even under prolonged exposure. To date there has not been a recorded case of the 

development of significant adaptive resistance to either compounds (Ling et al., 2015; Ostash & 

Walker, 2010). The only recorded instance of acquired moenomycin resistance was achieved 

through single-step direct selection (Rebets et al., 2014). Low level resistance was facilitated 

through a point mutation in PBP2 conveying low level resistance to moenomycin A, this 

mutation had minimal impact under optimal growth conditions, but significantly reducing the 

growth rate exposed to sub-MIC moenomycin A concentrations (Rebets et al., 2014). The lack of 

antibiotic resistant environmental isolates alongside their potent inhibitory activity makes 

teixobactin and moenomycin A promising targets for future development. 

Prior to the possibility of future clinical trials for either compound, there are many hurdles to be 

overcome. Though moenomycin analogues have been successfully used to treat a local infection, 

the poor pharmacokinetic properties of moenomycin A make treatment of systemic infections 

unfeasible (Ostash & Walker, 2010; Parenti, 1986). The poor pharmacokinetic attributes of 

moenomycin A are largely attributed to the 25-carbon isoprenoid tail that anchors the 

compound in the plasma (Ostash & Walker, 2010). Unfortunately the truncation of this lipid tail 

results in the total loss of antibacterial activity (Gampe et al., 2013).  

Following the initial excitement around the potential of teixobactin, research was initially 

hampered by the lack of availability for research. With no reasonable purification technique 

available, teixobactin is currently only obtainable through chemical synthesis (Parmar et al., 

2016). The non-proteinogenic amino acid enduracididine makes synthesis of enough teixobactin 

both cost and time prohibitive, however the development of the readily synthesised arg10-

teixobactin opens up new opportunities (Jad et al., 2015; Parmar et al., 2016). Though this 

analogue exhibits a slight decrease in activity compared with native teixobactin, the mode of 

action and trends of antibiotic activity appear conserved following the substitution of 

enduracididine (Parmar et al., 2017).  

Further to these traditional questions surrounding a new antibiotic, it must also be determined 

if the lack of resistance recorded to date means that resistance is unlikely to develop if either 
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compound were to be clinically introduced in the future? The principle of inducing antibiotic 

resistance through continued exposure at a sub-lethal concentration has been previously 

explored with success (Kohansk et al., 2010; Toprak et al., 2012). S. aureus is an ideal model for 

investigating the propensity for resistance to develop against moenomycin A and arg10-

teixobactin. As the only one of the ESKAPE pathogens with no innate resistance to either 

compound in addition to ease of culturing and a well characterised genome, S. aureus has 

historically been a core component of the modern ‘super bug’ crisis (Hammer et al., 2012; Ling 

et al., 2015; Lowy, 2003; Ostash & Walker, 2010). 

4.1.1 Aims 
1) Test the propensity and extent of resistance development against arg10-teixobactin and 

moenomycin A 

2) To assess the associated costs of this induced resistance on the resistant strain 

3) To uncover the molecular mechanisms underpinning acquired resistance 
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4.2 Methods 
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4.3 Results 

4.3.1 The development of resistance 

Susceptible bacteria can become resistant to antibiotics through the acquisition of mobile 

genetic elements carrying resistance genes, or through de novo development via genetic 

mutation. Moenomycin A and teixobactin are cell-wall inhibiting antibiotics to which there are 

no known specific resistance mechanisms. The clinically relevant methicillin resistant bacterium 

Staphylococcus aureus ATCC 33951 was used to evaluate the nature of evolved de novo 

resistance to arg10-teixobactin and moenomycin A. To control against other effects of serial 

passage, two other treatment conditions were performed in parallel. A positive control treated 

with rifampicin, a protein synthesis inhibitor with well documented readily acquired resistance 

mechanisms, to ensure that the system was able to facilitate the induction of antibiotic 

resistance. And a negative control, passaged in the absence of antibiotic selection, to ensure 

there was no spontaneous acquisition of resistance. To ensure continuity between these 

treatments, a single colony of S. aureus 33591 was used to create a homogeneous stock that 

would be used in all subsequent experiments. 

Single-step resistance 

The frequency of spontaneous single-step mutations conveying resistance was initially 

investigated. Following confirmation of inhibitory activity at 4x the MIC in liquid culture with 10 

x 103 CFU of S. aureus 33591 to confirm the inhibitory activity in agar. This resulted in total 

inhibition of growth in the presence of rifampicin and moenomycin, but no reduction in growth 

compared with the antibiotic-free control for arg10-teixobactin, ruling out plate culture as a 

viable method of determining the rate of arg10-teixobactin resistance development. 

Despite the lack of arg10teixobactin activity, the rate of spontaneous resistance development to 

rifampicin and moenomycin was assessed. Agar plates with 4x or 10x the liquid culture MIC of 

rifampicin spread with ~5x109 CFU of S. aureus 33591 and resultant colonies enumerated (Fig 

36). Through this approach the rate if spontaneous mutations conveying resistance was 

calculated. Across a single generation, rifampicin resistance was found to have a likelihood of 

developing at greater than four and ten times increase in resistance at a likelihood of 2.4x10-8 

and 6.4x10-9 respectively. Despite effectively identifying the rate of spontaneous rifampicin 

resistance development, the inability to generate any moenomycin or arg10-teixobactin resistant 

strains through this method required an alternate approach to identify novel resistance 

mechanisms. 
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Figure 36 The number of spontaneous mutants: calculated from the number of viable colony forming units per mL 
following single-step resistance selection dependent on rifampicin or moenomycin A concentration. CFU/mL calculated 
from individual colonies generated from a 50 µL inoculum containing 1x109 CFU/mL spread onto antibiotic laced agar 
plates.  

Multi-step resistance 

Failure to generate resistant isolates through a single-step method led to the adoption of a 

multi-step, evolutionary approach. Through continual serial passaging in increasing 

concentrations of antibiotic challenge, the fittest individuals are sequentially selected for and 

passaged on to promote the development of resistance over numerous generations. Again, 

rifampicin was used as a positive control to test the experimental system, along with a negative 

control free from antibiotic selection. 

The dynamics of resistance evolution in the rifampicin exposed control populations show a rapid 

increase between days 10 and 20 in resistance (Fig 37). By day 20 (~105 generations) there was 

a significant ~5,500-fold increase in resistance to 344 µg mL-1 (t ratio =4.133, p=0.02), following 

this there was minor non-significant (p>0.05) variability to averages of 267 µg/ml and 341 µg/ml 

at days 25 and 30 respectively. From day 35 to day 45 the tolerance was recorded at the highest 

tested concentration of rifampicin at 512 µg/ml, thus after just 45 days, or ~300 generations, an 

~8000-fold increase was observed in the required concentration to control the same bacterial 

population compared with the ancestor, unsurprisingly a significant increase (t ratio 

=40813.116, p<0.001). This demonstrates the efficacy of the system for exerting the appropriate 

evolutionary pressures to induce the de novo evolution of antibiotic resistance. 
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The evolution of resistance to arg10-teixobactin was roughly linear, not showing any distinct 

jumps across the time course, instead appearing to be a steady increase in resistance throughout 

the experiment up until day 45 (Fig 37). While there was a significant increase in resistance by 

day 20, it was only a 2.4-fold increase in tolerance compared with the ancestor to an average of 

4.8 µg/ml (t ratio =3.378, p=0.007), for context this increase in resistance to arg10-teixobactin is 

~2300 fold less than the increase in rifampicin resistance seen over the same time period. 

Resistance to arg10-teixobactin remained low, with no detected change between days 15 and 30 

(~105 generations). Though slow, after 45 days of arg10-teixoabactin selection, resistance had 

significantly increased to an average of 6.43 µg/ml, this is >3-fold increase over the ancestral 

initial susceptibility (t ratio = 5.077, p=0.001). This average increase of 4.43 µg/ml to inhibit 

bacterial growth should be noted, however it should also be remembered that it was ~2500 fold 

less than the relative increase observed against rifampicin. 

The level of resistance developed against moenomycin A represents an intermediary between 

rifampicin and arg10-teixobactin, with two distinct jumps in the resistance observed. Initially 

between days 10 and 20 and then a second distinct increase between days 30 and 45 (Fig 37). 

By day 20 moenomycin A tolerance had increased to an average of 9.6 µg/ml (t ratio =-4.117, 

p=0.009). This represents a ~75-fold increase over the initial ancestral susceptibility, which is 30-

fold greater than that seen for arg10-teixobactin resistance but ~70-fold less than for rifampicin 

resistance. Resistance to moenomycin A plateaued between days 20 and 30, with no significant 

change in tolerance (t-ratio =0.859, p=0.424). After 45 days of moenomycin A selection, the 

average tolerance has significantly increased to the highest tested concentration of 128 µg/ml 

(t ratio = 495.241, p<0.001). This represents a ~1000-fold increase in tolerance to moenomycin 

A from the ancestor. The evolution of moenomycin A resistance is ~320-fold greater than seen 

for arg10-teixobactin resistance but 8-fold less than the proportional increase in rifampicin 

resistance over the same 45-day period.  

In the absence of antibiotic selection, susceptibility to all three antibiotics significantly increased 

after 45 days (p<0.044). Through this, alongside the successful induction of resistance against 

rifampicin, it can confidently be shown that the experimental design functions to effectively 

induce targeted antibiotic resistance against specific antimicrobials. 
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Figure 37 The development of arg10-teixobactin, moenomycin A and rifampicin resistance: in MRSA 33591 through 
selection under serial passage. Resistance was monitored through an MIC measurement every five days. Antimicrobial 
selection pressure was provided by MoeA (red) arg10-teixobactin (orange) and rifampicin (blue). Parallel control 
cultures were maintained as ‘selection free’ with no exposure to any of the treatments, these were assessed for their 
susceptibility against Moenomycin A (purple), rifampicin (green) and arg10-teixobactin (black). Antibiotic selective 
pressures were removed after 45 days. N=6 for each treatment with error bars indicating ±SEM.  

The maintenance of resistance 

The presence of antibiotic selection pressure promotes and maintains resistance by providing 

conditions favourable to individuals carrying genes which reduce susceptibility. The removal of 

this selection pressure therefore would likely favour individuals without these costly 

adaptations. To quantify the rate and magnitude of this effect, after 45 days of antibiotic 

selection pressure each population was subjected to a further 30 days of serial passage in the 

absence of antibiotic selection (Fig 37). Following the removal of moenomycin A at day 45 there 

was a significant decrease in resistance, declining to 85.33 µg/mL after only 10 days or ~65 

generations (t ratio 3.162, p=0.01), and then dropping sharply to 5.67 µg/mL after 30 days. 

Though this equates to a ~20-fold decrease in resistance from the peak recorded level after 45 

days, the ~200 generations grown without antibiotic selection were still on average ~40 fold 

more resistant to moenomycin A than the starting ancestral population. The passage of arg10-

teixoabctin resistant cells in the absence of antibiotic selection led to a significant decrease in 

resistance to an average of 2.08 µg/ml after only 10 days or ~65 generations (t-ratio 6.031, 

p=0.002). After a further 20 days of antibiotic free passage an average susceptibility of 1.83 

µg/ml was recorded, this was not significantly different from the ancestral susceptibility (t-ratio 

0.917, p=0.38). By comparison, following the removal of rifampicin selection there is a definite 
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loss of resistance, but the average tolerance was still >200 fold more resistant than the ancestral 

strain after the whole 30 days rifampicin passage.  

4.3.2 The consequences of resistance 

Resistance to bactericidal activity 

Although informative, the MIC is not the only method for determining antibiotic susceptibility. 

As such the minimum bactericidal concentration (MBC) was determined for peak arg10-

teixobactin resistant strains (Fig 38). Due to the extent of evolved resistance to moenomycin 

and rifampicin it was not possible to determine the MBC of for these strains. Interestingly the 

MBC of resistant cells increased by an average of 3.33 times over the ancestor, an almost 

identical increase to the MIC which increased by an average of 3.22 compared with the ancestor. 

 

Figure 38 The changing minimum bactericidal concentration of arg10-teixobactin resistant strains: the MBC of resistant 
cell lines compared with the ancestral strain. N=3, error bars denote SEM. 

Cellular fitness 

Due to the physiology of bacteria, the fitness of a homologous population is difficult to measure. 

As such the relative growth rate of evolved strains were compared to the ancestral strain to give 

measurements of cellular fitness. To allow for a broad analysis of cellular physiology a panel of 

growth conditions were used to stress the growth of each cell line. Population growth curves 

were generated from optical density measurements taken every 10 minutes (Fig 39). Using the 

resultant curves, specific growth rates were calculated from the exponential growth phase, and 

maximal growth capacity, determined after 20 hours (Fig 40). 

The growth rate of each ancestral strain and all 18 evolved cell lines were measured across 

several conditions to assess the impact that resistance acquisition would have upon their 

ability to survive and proliferate. Further, growth under optimal conditions sub lethal (10% of 

MIC) concentrations of moenomycin, rifampicin and arg10-teixobactin were applied alongside 

osmotic, thermal and metal chelating (EDTA) stress. The results of tracking the optical 
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densities of these conditions can be seen in (Fig 39).

 

Figure 39 The differential growth rates of resistant cell lines: The growth rate of moenomycin A, arg10-teixobactin and 
rifampicin resistant cell lines compared with the ancestral strain, using stress inducing conditions to test physiological 
fitness. The average absorbance at 620nm for each strain generated compared with the starting ancestor strain across 
a range of conditions at 37°C unless otherwise stated, from top left clockwise: (A) Unaltered MH, (B) MH supplemented 
with Moenomycin A to 10% MIC, (C) MH supplemented with rifampicin to 10% MIC, (D) MH supplemented to 150µM 
EDTA, (E) MH supplemented to 10% NaCl, (F) MH media at 44°C and (G) MH supplemented with arg10-teixobactin to 
10% MIC.  N=3, where visible error bars represent SEM. 

Due to the difficulty of extrapolating data suitable for statistical analysis directly from a bacterial 

growth curve an alternative approach was considered, measuring population carrying capacity 

and maximal growth rate. Population carrying capacity was determined to be the optical density 

of each population after 20 hours of growth, the results of which are displayed in (Fig 40). When 

optical density of each evolved population was compared against the ancestor, it was found that 

arg10-teixobactin resistant cells were the only lines to not show any significant reduction across 

any of the tested conditions. Conversely, cell lines with rifampicin resistance were the only cell 

lines to not see any significantly increased growth across any of the conditions. Furthermore, 

arg10-teixobactin resistant cell lines were the only strains to see significantly increased growth 

in the presence of their previously exposed antibiotic (p<0.05 ANOVA). Interestingly 

moenomycin resistant cells saw significantly reduced growth in the presence of moenomycin, 

EDTA and in MH at 37C (p<0.05), but increased growth at 44°C and when treated with sublethal 

concentrations of rifampicin (p<0.001).  

 

 



99 
 

None of the evolved cell lines saw any significant reduction of growth in the presence of arg10-

teixoabactin, at 44°C or in a 10% NaCl supplemented broth (p>0.05). Conversely arg10-

teixoabctin resistant cells were the only strains capable of growing as normal in the presence of 

the metal chelating agent EDTA at 150µM supplemented concentrations.  

 

Figure 40 The carrying capacity of resistant cell lines: The carrying capacity of moenomycin A, arg10-teixobactin and 
rifampicin resistant cell lines compared with the ancestral strain tested under stress conditions after 20 hours of 
growth as an indicator of fitness. The average absorbance at 620nm for each strain generated compared with the 
starting ancestor strain across a range of conditions at 37°C unless otherwise stated. N=3, where visible error bars 
represent SEM. * indicate a significant difference in optical density compared with the ancestral strain. 

The maximum carrying capacity of a population only highlights a single point of the growth 

dynamic, the relative maximal growth rates were also analysed. To facilitate this, a section of 

the exponential growth phase that fit a linear trendline with an R-squared value >0.9 was 

identified and normalised against the maximal growth rate of the ancestral strain prior to 

statistical analysis with one-way ANOVA and post hoc Tukey tests (Tab 20). 

When standardised against the maximal growth rate of the ancestral strain, cell lines evolved in 

the absence of antibiotic selection exhibited the smallest change (Tab 121). Whereas all 

antibiotic resistance evolved cell lines exhibited a significant change in growth rate across almost 

all tested conditions. The presence of EDTA was the only condition to result in a significant 

reduction of growth rate across all cell lines (p<0.01). Conversely, supplementation of growth 

media to 10% NaCl was the only condition to not significantly reduce the growth rate of any 

evolved strains, with arg10-teixobactin and moenomycin adapted cell lines both demonstrating 

a significant increase in growth rate (p<0.05). 
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Resistance to rifampicin reduces the maximal growth capacity across more tested conditions 

than other evolved strains, only demonstrating an increased growth rate in the presence of sub-

lethal rifampicin concentrations. Moenomycin resistant strains were the only treatment group 

with a lower growth rate when under sub-MIC concentrations of their selection antibiotic. 

Antibiotic-free evolved strains display an increased maximal growth rate under sub-MIC 

moenomycin A conditions, though less than a 10% increase over the ancestral strain. 

Table 21 The relative maximal growth rate of resistant cell lines:  Moenomycin A, Arg10 teixobactin and rifampicin 
resistant strains, alongside selection free cells, normalised against the ancestral strain across a range of sub-lethal 
stress conditions in a base Mueller Hinton media. * indicates significant difference from the ancestral strain 
determined through one-way ANOVA (P < 0.05), with post hoc Tukey tests. 

Strain 

Rich 

Media 

37 oC 

10% 

Moe A 

MIC 

10% Arg10- 

Teixobactin 

MIC 

10% 

Rifampicin 

MIC 

150µM 

EDTA 

10% 

w/v 

NaCl 

Rich 

Media 

44oC 

Arg10-

teixobactin 

(45days 

selection) 

0.996 N/A 1.361* 0.122* 0.722* 1.216* 0.941 

Moenomycin 

A (45days 

selection) 

0.952 0.773* N/A 3.068* 0.783* 1.124* 1.267* 

Rif (45 days 

selection) 
0.739* 0.643* 0.616* 6.881* 0.417* 1.095 0.473* 

Control (45 

days without 

selection) 

0.763* 1.095* 1.049 0.706 0.551* 1.093 1.072 

 

To allow for a clear comparison between resistant strains across growth conditions, the direction 

of change for population carrying capacities (PMax) and maximal growth rates (GMax) 

compared to the ancestral strain were put into (Tab 22). Through doing this it can be clearly seen 

that the direction of change of PMax and GMax was only the same in 15 of the 26 paired 

conditions. A key highlight of this is that the GMax of arg10-teixoabctin resistant strains in the 

presence of sub-lethal rifampicin is ~10% of the ancestor, but with no significant difference in 

the PMax. Equally important is that rifampicin resistant strains had a GMax six times greater 

than the ancestor in the presence of rifampicin but displayed no significant difference in the 

PMax. No condition displayed an increase to PMax without a corresponding increase in GMax, 
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though the inverse was not true with multiple consistent strains exhibiting a constant PMax but 

increased GMax. 

Table 22 A comparison of PMax and GMax: The change in  population carrying capacity (PMax) and maximal growth 
rate (GMax) or evolved cell lines compared with the ancestral strain determined by one-way ANOVA with post hoc 
Tukey tests(p<0.05). Compared to the ancestral strain. ‘x’ denotes no significant change, ‘>’ denotes a significant 
increase and ‘<’ denotes a significant decrease. Red used to highlight pairs with the same direction of change, and 
blue for differential change. 

Strain 

Rich 

Media 

37 oC 

10% 

Moe A 

MIC 

10% Arg10- 

Teixobactin 

MIC 

10% 

Rifampicin 

MIC 

150µM 

EDTA 

10% 

w/v 

NaCl 

Rich 

Media 

44oC 

Arg10-

teixobactin 

PMax 

x N/A > x x x x 

Arg10-

teixobactin 

GMax 

x N/A > < < > x 

Moenomycin 

PMax 
< < N/A > < x > 

Moenomycin 

GMax 
x < N/A > < > > 

Rifampicin 

PMax 
< < x x < x x 

Rifampicin 

GMax 
< < < > < x < 

Selection 

free PMax 
< x x < < > x 

Selection 

free GMax 
< > x x < x x 

 

Antibiotic cross-resistance 

Alongside analysis of growth rates, the susceptibility of evolved strains to a broad panel of 

antibiotics was also assessed. The MIC values were then reported as change compared to the 

ancestor (Fig 41), to allow for direct comparisons between treatments. Of the 10 antibiotics 

screened, three do not act via interruption of the bacterial cell wall (kanamycin, polymyxin B 

and chloramphenicol). For these as well as oxacillin there was no change in susceptibility 

detected between any of the evolved strains (p>0.144, Independent T-Tests). The remaining 

seven all act through various mechanisms, all of which result in either damage to the bacterial 
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cell wall, or inhibition of one or more of the steps of cell wall synthesis. In general, evolved 

resistance to moenomycin A also conveys an increased tolerance to other cell wall antibiotics. 

Moenomycin A resistant cell lines saw a significant increase in resistance to vancomycin, 

teicoplanin, Bacitracin, nisin and arg10-teixobactin (p<0.006, independent T-Tests). The greatest 

increase in cross resistance was against bacitracin, changing from 2 µg/mL to 14.7 µg/mL (t ratio 

=9.142, p<0.001), over a 7‐fold increase. Resistance to arg10‐teixobactin did not result in broad 

cross‐resistance, though it did result in a significant, low (<5 µg/mL), increase in average 

resistance to vancomycin, bacitracin and moenomycin A (p<0.013, independent T‐Tests). 

Furthermore, the susceptibility of arg10‐teixobactin resistant strains increased against nisin 

(p<0.001, T‐Value ‐8.39). The overlapping increases in cross‐resistance to bacitracin are 

interesting, but should be tempered against the associated increase in bacitracin tolerance seen 

in rifampicin resistant strains (p<0.05, T‐Test), though the increase was less than half the increase 

seen for arg10‐teixoabactin or moenomycin A resistant strains. There was no correlation to 

resistance of any other antibiotic for rifampicin resistant cells (p>0.05, Independent T‐Tests).

  

 

Figure 41 Multi-drug cross resistance associated with de novo resistance: the changing patterns of susceptibility for 

peak resistant strains against a panel of antimicrobials compared with the ancestral strain. N=3 and where visible 

error bars represent SEM. 

The susceptibility of arg10-teixobactin evolved strains to a panel of other teixobactin analogues 

was assessed (Fig 42). To ensure a broad assessment of resistance capacity, from the twelve 

analogues assessed there were a range of modifications made at the position 10 site, as well as 
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‘in-chain’ arginine substitutions. Arg10-texiobactin resistant strains all saw significant change, 

with between a two- and four-fold increase in average resistance compared with the ancestral 

strain (p=0.0013, t-value 2.706). Resistance to arg10-teixobactin was found to significantly 

increase tolerance to eight of the twelve tested analogues (p<0.043, independent T-tests), with 

only four compounds not eliciting a significant difference (chg10, ala10, D-Arg4-Arg10 and D-

Arg4-Arg9-Arg10 teixobactin). When average teixobactin susceptibility was plotted against 

arg10-teixobactin acquired resistance no correlation was found between the six strains (R2 = 

0.18). 

 

Figure 42 Cross resistance from arg10-teixobactin resistance to other teixobactin analogues: A heat map showing the 
changing susceptibility of arg10-teixobactin evolved strains to other teixobactin analogues. Relative heat mapping 
was applied independently to each analogue, with red highlighting the lowest MIC, and green as the highest MIC 

(most resistant). All analogues compared here have the same amino acid composition as native teixobactin except 
stated modifications. Orn: Ornithine, Cha: Cyclohexylalanine, Chg: Cyclohexylglycine, Ala: Alanine, Leu: Leucine, Val: 

Valine, Ile, Isoleucine, Dap: Diaminopimelic acid, Arg: Arginine.  

 

Cell Physiology 

To further investigate the effects of acquired resistance upon the physiology of resistant strains, 

cell size was determined through scanning electron microscopy (SEM). This allowed for the 

visualising of fixed cells at a magnification that allow them to be accurately measured (Fig 43). 

A sample size of 28 randomly selected individual cells were selected for each strain, giving 168 

measurements across each treatment. Upon analysis of cell diameter, it was found that there 

was no significant difference between any of the treatments and the ancestor (p>0.95) 



104 
 

 

Figure 43 The average diameter of resistant cells: visualised through SEM and measured along their longest side, 28 
cells were randomly selected using a grid combined with a random number generator, and the mean calculated across 
the six replicates to give N=168. Error bars denote SEM. 

Changes to pathogenicity 

Although it is crucial to assess the in-vitro growth rate and antibiotic susceptibility of the 

resistant strains, as this allows for a direct analysis of phenotypic changes under tightly 

controlled conditions, it is equally important to investigate the effect of acquired resistance In-

vivo. To begin to investigate the effect that each resistance profile had in-vivo, the pre-

mammalian G. mellonella infection model was utilised.  

To allow for direct comparison between strains a standardised bacterial load was identified 

through initial mortality tests with the ancestral strain (Fig 44). The optimal dosage was 

determined to be the bacterial load that would result in approximately 50% mortality after 72 

hours, as this would allow for identifying large increases or decreases in pathogenicity. The 

optimal dose was identified through treatment groups separated into ten-fold dilutions of an 

overnight culture and tracking mortality every 24 hours. Once the appropriate CFU/mL of 

roughly 5x107 had been identified, this was used throughout the experiment. The resultant 

survival data is displayed in (Fig 44), where it can clearly be seen that after 72 hours all passaged 

strains demonstrate a significant increase in pathogenicity compared with the ancestral strain 

(p<0.001, ANOVA). When looked at more closely, it is only at the 24-hour time point that arg10-

teixobactin and selection free evolved strains are not significantly different to the ancestor 

(p>0.062, ANOVA). Furthermore, between treatment groups, although there is noticeable 
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variation in the mean survival rate, there is no significant difference between the survival of any 

of the antibiotic passaged strains (p>0.1).  

 

Figure 44 Changes in resistant strain pathogenicity: A Kaplan-Meier survival curve showing the survival of G. mellonella 
following infection with ancestral and evolved resistant MRSA 33591. Survival was tracked every 24 hours and survival 
proportions displayed. N=20, error bars denote SEM. Mantel-Cox test gave that the survival curves are significantly 

different (p<0.0001). Significant differences in survival from the ancestral strain denoted by *, determined by one-way 

ANOVA at each time point with post hoc Tukey test (p<0.05) 

4.3.3 Genome sequencing 
Although understanding the physiological effects associated with acquired resistance is crucial 

to understanding de novo resistance mechanisms, it is at a genetic level that the mechanisms of 

resistance can be identified. Whole genome sequencing (WGS) was performed on a single colony 

from the ancestral and each moenomycin resistant or teixobactin resistant population.  

Genome reconstruction was achieved with positive identity against the ancestral strain, Illumina 

sequences were rebuilt with minimum 4x coverage in the constructed genome, all genomes 

were estimated to be >95% complete. Forty-seven unique single nucleotide polymorphisms 

(SNPs) across the evolved arg10 teixobactin resistant strains and fifty‐six SNPs were identified 

across the evolved moenomycin A resistant strains GenBank accession number 

NZ_JACBAU000000000.1. Several SNPs were identified in genes coding for proteins associated 

with peptidoglycan synthesis, lipid biosynthesis and energy metabolisms (Tab 23‐24). The full list 

of 103 SNPs is also available (Supp Tab 2‐3).  

Across the six arg10‐teixobactin resistant replicates, eleven primary mutations are suggested as 

‘key mutations’ that underpin resistance, these can be separated into three distinct routes to 

resistance (Tab 23). Though there is little overlap between these mechanisms, there are common 

themes of modifications with links to lipid biosynthesis, cell wall modifications and energy 

metabolism. Arg10‐teixobactin resistant strains 1‐4 each harboured a core suite of mutations in 
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mprF, srrA, kdpE and gyrA, with further SNPs in prmC and dltD correlating with increasing 

resistance. Strain 5 lacks any SNPs common with the other resistant strains, and appears less 

resistant than other routes to resistance. Only two modifications, a SNP in ywqD and loss of start 

codon for hemY, were identified. There was no crossover of SNPs in known genes between strain 

6 and the other resistant strains despite resulting in the same increase in resistance as strains 1 

and 2. Several synonymous mutations in sdrE were detected, but unique SNPs in ftsW and icd 

were identified. 

Key mutations underpinning moenomycin resistance were observed across only three genes in 

all six replicates (Tab 24). In all six strains, a coding frame shift was identified in purR and a 

Phe134Leu SNP in lytD. In all six replicates two SNPs were identified in PBP1A/1B at Asn71Val 

and Pro234Gln, with only strain 5 lacking a third PBP1A/1B SNP at Tyr196His. Though lacking the 

same third SNP in PBP1A/1B, strain 5 contained several unique SNPs in nhaX and mcrC alongside 

thirteen synonymous SNPs in sdrI and sdrD. 

Across all 12 sequenced resistant strains several hypothetical proteins were identified with 

several conserved mutations between treatments.



 
 

Table 23 The mutation profile of arg10-teixobactin resistant cells: showing the distribution of mutations that appear to correlate with ‘key’ mutations conveying resistance. Ticks represent the presence 
of the mutations, crosses the absence of change from the wild-type. 
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Table 24 The mutation profile of moenomycin A resistant cells: showing the distribution of mutations across genes 
that appear to correlate with ‘key’ mutations conveying resistance. Ticks represent the presence of the mutations, 
crosses the absence of change from the wild-type. 

 Target protein / SNP 

Strain 

Resistance 

after 45 days /  

µg/mL 

Pur operon 

repressor 

purR 

Ile154fs 

Penicillin-

binding protein 

1A/1B 

Asn71Val 

Penicillin-

binding protein 

1A/1B 

Tyr196His 

Penicillin-

binding protein 

1A/1B 

Pro234Gln 

Bifunctional 

autolysin lytD 

 Phe134Leu 

 

Ancestor 0.125 X X X X X 

1 >128 ✓ ✓ ✓ ✓ ✓ 

2 >128 ✓ ✓ ✓ ✓ ✓ 

3 >128 ✓ ✓ ✓ ✓ ✓ 

4 >128 ✓ ✓ ✓ ✓ ✓ 

5 >128 ✓ X ✓ ✓ ✓ 

6 >128 ✓ ✓ ✓ ✓ ✓ 

 

Codon usage 

Though missense mutations are often the most readily understood, the role of synonymous 

mutations should not be overlooked. Of the 103 SNPs identified across the sequenced strains, 

over half (fifty-two) of the SNPs resulted in synonymous mutations. Unfortunately, it is even 

more difficult to predict the effect of these mutations than missense mutations as the primary 

structure remains unchanged. However, when the relative codon usage change was calculated 

using the closest available relative ‘Staphylococcus aureus subsp. aureus USA300’ (Kazusa), the 

rate of transcription (and subsequent expression) was able to be quantified. By assuming that 

the available pool of mRNA is roughly proportional to the codon usage of an individual we can 

draw a correlation between the codons used and the rate of transcription (and hence 

translation). 

When all synonymous mutations identified in arg10-teixobactin resistant strains were pooled and 

the percentage frequency for each codon averaged it was found to result in a change of 4.1%. 

Although this is far from a direct measure, it does imply that an overall slowing down of 

translation is occurring within the suite of silent mutations, though the phenotypic effect of this 

is unpredictable. Conversely when the same process was repeated with the synonymous 

mutations identified in moenomycin resistant strains an increase of 3.9% in codon frequency 

was calculated. Again, although this is only drawing conclusions from codon usage frequency it 

does suggest an increased rate of translation amongst the proteins containing synonymous 

mutations. 

4.3.4 Phenotype confirmation 
Attempts were made to uncover the sequence of the mutations across the time course using 

the frozen samples to further tie together phenotypes with specific mutations. To achieve this, 
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primers were built to the 16 SNPs identified as ‘key’ mutations across arg10-teixobactin and 

moenomycin resistant strains. The SNP was designed as the 3’ end of the primer to maximise 

the specific binding affinity and minimise false results. Unfortunately, after extended attempts 

at optimising a range of PCR conditions it was not possible to achieve high enough levels of 

reproducibility to justify testing on an extended panel (Fig 45). 

 

 

Figure 45 PCR detection of mutant genotype: DNA separated by gel electrophoresis, visualising amplicons generated 
from the ancestral strain (even wells) and day 45 peak resistant moenomycin A or arg10-teixobactin strain (odd wells). 
Amplicons generated using primers designed to amplify only the wild-type DNA sequence in genes identified through 
whole genome sequencing to contain SNPs. Lane 1, 100bp DNA ladder (NEB), Lanes 2 & 3, PurR, Lanes 4 & 5, PBP2 71, 
Lanes 6 & 7 PBP2 196, Lanes 8 & 9, PBP 234, Lanes 10 & 11, LytD, Lanes 12 & 13, MprF, Lanes 14 & 15, SrrA, Lane 17, 
100bp DNA ladder (NEB), Lanes 18 & 19, KdpE, Lanes 20 & 21, GyrA, Lanes 22 & 23, PrmC, Lanes 24 & 25, -DltD, Lanes 
26 & 27, FtsW, Lanes 28 & 29, Icd, Lanes 30 & 31, YwqD. 

Prior to whole genome sequencing, the physiological characteristics of evolved (day 45 and 75) 

cell lines was assessed to rule out the possibility of contamination (Tab 25). All strains were 

inoculated onto several selective and differential growth media, Mannitol salt agar to promote 

and differentiate S. aureus growth whilst MacConkey’s and eosin methylene blue agars both 

inhibit S. aureus and other Gram-positive bacteria. The growth morphology of these cultures 

was then compared to the ancestral stock and three other species as controls; E. faecium, S. 

epidermis and K. pneumoniae. Samples from these plates were then assessed initially for 

catalase activity, then coagulase which is unique to S. aureus. 
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Table 25 Physiological tests to confirm the identity of day 45 and 75 evolved strains: selective and differential assays 
used to identify evolved strains, with control strains of ancestral S. aureus MRSA. E. faecium, S. epidermis and K. 
pneumoniae strains were included to act as internal controls. No differences in evolved strains detected between these 
physiological tests. 

Strain 

Mannitol 

salt agar 

Growth 

MacConkey’s 

agar 

Growth  

Eosin 

methylene 

blue agar 

Growth  

Coagulase  Catalase 

Ancestor 

ATCC 33591 
✓ X X ✓ ✓ 

Moenomycin A 

Resistance 
✓ X X ✓ ✓ 

Rifampicin 

Resistance 
✓ X X ✓ ✓ 

Control 

(Selection free) 
✓ X X ✓ ✓ 

E. faecium 

DSM 17050 
X X X X X 

S. epidermis 

DSMZ 28319 
X X X X ✓ 

K. pneumoniae 

ATCC 700603 
X ✓ ✓ X X 

 

Further to cell culture morphology, the identity or 45 and 75 day evolved strains was confirmed 

through multiplex PCR. Staphylococcal specific 16S rRNA primers (756bp product) were 

combined with primers specific to mecA (310bp product), the gene commonly associated with 

the ‘methicillin resistance’ characteristic of MRSA. Following amplification of all 24 passaged cell 

lines, the ancestor as the positive control, E. faecium as a PCR negative control and MSSA S. 

aureus as a mecA negative control, the PCR products were separated on 1% agarose gels and 

visualised with ethidium bromide (Fig 46-47). At each time point, the amplification profiles were 

compared to the ancestral strain to confirm S. aureus identification. 



111 
 

 

Figure 46 Genotype confirmation of moenomycin and rifampicin resistant strains: The separation of amplified 16S and 
mecA gene fragments from day 75 evolved strains to confirm strain identity, visualised on 1.5% agarose gel. Bands 
were generated from a multiplex PCR assay to simultaneously detect staphylococcal 16S rRNA and methicillin 
resistance (mecA) genes. Lane 1, 100bp DNA ladder (NEB); Lanes 3-8, Moenomycin A exposed ATCC 33591 cell lines 
(Day 75); Lanes 9-14, rifampicin exposed ATCC 33591 cell lines (Day 75); Lane 15, 100bp DNA ladder (NEB); Lanes 16-
21, Antibiotic free passaged ATCC 33591 cells (Day 75); Lane 22, PCR negative control E. faecium DSM 17050; Lane 
23, PCR positive control S. aureus ancestor ATCC 33591, Lane 24, PCR mecA positive control S. aureus ATCC 25923. 

 

 

Figure 47  Genotype confirmation of arg10-teixobactin and rifampicin resistant strains: The separation of amplified 16S 
and mecA gene fragments from day 75 evolved strains to confirm strain identity, visualised on 1.5% agarose gel. Bands 
were generated from a multiplex PCR assay to simultaneously detect staphylococcal 16S rRNA and methicillin 
resistance (mecA) genes. Lane 1, 100bp DNA ladder (NEB); Lanes 3-8, arg10-teixobactin exposed ATCC 33591 cell lines 
(Day 75); Lanes 9-14, rifampicin exposed ATCC 33591 cell lines (Day 75); Lane 15, PCR positive control S. aureus 
ancestor ATCC 33591, Lane 16, PCR mecA positive control S. aureus ATCC 25923. 
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4.4 Discussion 

4.4.1 The development of resistance 
Bacteria consistently demonstrate an unmatched ability to, with sufficient opportunity, adapt 

to almost any environmental stress (Munita & Arias, 2016). This adaptability is facilitated by the 

plasticity of the bacterial genome, with random mutations impacting the relative fitness, from 

which the fittest phenotypes expand and radiate (Hindré et al., 2012). Utilising the same 

dynamic evolutionary drivers that have allowed for bacteria to colonise almost every corner of 

the planet, bacteria have consistently developed and spread antibiotic resistance mechanisms 

to each new generation of antibiotics (Sultan et al., 2018). Previously, new antibiotics were 

introduced with no investigation into the nature of potential antibiotic resistance, moving 

forwards this must no longer be the accepted norm. 

Though neither teixobactin nor moenomycin A are currently available in a clinical setting, both 

represent potent antibiotic families that have attracted attention as components in the future 

management of the antibiotic resistance crisis. Though both compounds have hurdles currently 

preventing progression to clinical trials (Ling et al., 2015; Ostash & Walker, 2010), it is vital that 

the intrinsic ‘resistance resistant’ nature of these compounds be understood as this may 

influence future compound design and influence subsequent clinical introduction.  

Production of sufficient teixobactin for research is a challenging process, one that initially 

inhibited research progress (Ling et al., 2015). The enduracididine residue at position 10 of the 

peptide chain is not easily synthesised and is commercially unavailable (Jad et al., 2015). 

Substitution of enduracididine with arginine results in an analogue that, though less potent, 

exhibits a conserved trend of activity to the native structure (Parmar et al., 2016). This makes 

arg10-teixobactin the ideal model compound for investigating the development of de novo 

antibiotic resistance. As, though native teixobactin has been shown to “kill pathogens without 

detectable resistance”, this was inferred from just 27 days of selection in three experimental lines 

and has yet to be investigated for teixobactin analogues (Ling et al., 2015). 

Rifampicin is rarely used in monotherapy due to the rate at which bacterial populations can 

become resistant (Forrest & Tamura, 2010). Though rifampicin exhibits potent inhibitory activity 

through binding DNA-dependent RNA polymerase, a single point mutation in the rpoB gene is 

enough to render a susceptible bacterium resistant to clinical treatment with rifampicin 

(Campbell et al., 2001). The relative ease with which rifampicin resistance can be acquired makes 

it an ideal control against the unknown resistance profiles of moenomycin and arg10-teixobactin. 

Single-step resistance 

The acquisition of significant resistance through a single-step culturing method requires a 

random point mutation to increase tolerance to the targeted antibiotic (Woodford & Ellington, 
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2007). From a known inoculum size, it is possible to calculate the frequency at which mutations 

facilitating survival occur (Nagai et al., 2001). A single passage only represents the frequency of 

mutations conveying resistance, it cannot provide information about the spread or maintenance 

of the resultant resistance mechanisms (Kosowska-Shick et al., 2006). The observed frequency 

of mutations conveying a significant increase in resistance to rifampicin is comparable to those 

that have been previously reported, demonstrating an effective system for the generation of 

single-step resistant mutants (Hammer et al., 2008). The antibiotic activity of arg10-teixobactin 

activity was inhibited in a solid medium. This may be a result of the negatively charged agar 

causing a β conformational change in the peptide chain, making the peptide prone to self-

aggregation (Öster et al., 2018), this sequestering of the active compound would explain the lack 

of inhibitory activity observed. This method failed to generate any strains able to survive a 4x 

MIC concentration of moenomycin A, this is unsurprising given the extensive historical usage of 

moenomycin family antibiotics as agricultural supplements and the notable lack of adaptive 

resistance (Ostash & Walker, 2010). 

Thus, a single-step approach can be ruled out as an effective method for generating resistant 

antibiotic strains to antibiotics such moenomycin A and teixobactin. 

Multi-Step resistance 

Dynamics of resistance 

The inability to generate arg10-teixobactin or moenomycin A resistant mutants through a single-

step process on solid media resulted in a liquid culture multi-step approach. This would be driven 

by the core principles of selection pressures and evolution. Through repeated sub-culturing 

under a concentration of antibiotic selection pressure, emerging phenotypes carrying 

adaptations that increase their fitness are selected for, increasing in number each generation 

(Kosowska-Shick et al., 2006). 

Replicate strains passaged in the absence of antibiotic selection pressures demonstrate that 

simply passaging cell lines does not select for antibiotic resistance. In contrast, positive control 

cell lines exposed to rifampicin demonstrate the power of utilising evolution over a single-step 

methodology, and validate the effectiveness of the multi-step resistance system at inducing 

significant levels of resistance (Campbell et al., 2001; Mani et al., 2006). With roughly 8000-fold 

increase in rifampicin MIC recorded after 45 days of passage, greater than many ‘high-level 

resistant’ clinical strains (Wang et al., 2019). 

The acquisition of arg10-teixobactin resistance across a 45-day period is significantly less than 

the level of resistance that developed to rifampicin. Though low, this is the first recorded 

adaptive resistance to a teixobactin compound (Ling et al., 2015). That any increase has been 

detected will come as a surprise to many, with resistance development previously posited to be 
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unlikely due to the mode of action of binding to multiple highly conserved non-protein targets 

(Homma et al., 2016). In addition to increasing the MIC of resistant strains to arg10-teixobactin, 

the acquired resistance conveys the same proportional increase in resistance against the potent 

bactericidal activity of arg10-teixobactin (Ramchuran et al., 2018). Changes to MIC and MBC do 

not always positively correlate with acquisition of resistance, and as such the near identical 

proportional increase in MIC and MBC values may be indicative of deeper mechanistic (Kiem & 

Schentag, 2006). It may be that this increase is highlighting a closer link between the inhibitory 

and killing activity of teixobactin than previously thought (Homma et al., 2016). The increase in 

moenomycin resistance across the same period is notably slower and reaches a lower maximum 

MIC when compared to rifampicin, but faster and higher than arg10-teixobactin. This highlights 

the need for further study into the absence of environmental isolates with acquired 

moenomycin A resistance despite extensive usage in agriculture (Ostash & Walker, 2010). 

Interestingly, where the acquisition and loss of resistance to arg10-teixobactin is roughly linear, 

the development and loss of resistance to rifampicin and moenomycin A occurs in a staggered 

process. This represents the accumulation of multiple, sequential mutations within each 

population. With each adaptation further improving resistance mechanisms or in the form of 

compensatory mutations helping to offset the cost of resistance (Loftie-Eaton et al., 2017). 

Antibiotic resistance mechanisms rarely come without cost to the fitness of the individual 

(Melnyk et al., 2015). As a result, it is unsurprising that following the removal of antibiotic 

selection pressures there followed a rapid loss in resistance across all treatments. 

A dynamic bacterial population continuously selects for the fittest phenotypes to proliferate and 

expand (Gat et al., 2016). However, in an antibiotic resistant population, it is not as simple as 

‘genetic reversion’ to the wild-type phenotype following the removal of antibiotic selection 

pressures (Simner et al., 2018). If the resistant phenotype is a result of a series of sequential 

mutations, a gradual reversion to the wild-type may give a lower fitness intermediate strain than 

either the wild type or the resistant-compensated genotype (Schrag et al., 1997). As a result, 

though the fitness cost of resistance influences resistance retention, the rate at which antibiotic 

resistant phenotypes are lost is rarely directly proportional to the associated fitness cost (Schulz 

Zur Wiesch et al., 2010). This can be seen in arg10-teixobactin resistant strains, exhibiting a rapid 

loss of acquired resistance despite little to no measured impact upon the growth of resistant 

strains. Conversely the proportional rate at which resistance is lost to rifampicin and 

moenomycin A is slower, despite a notable associated fitness cost under tested conditions, most 

notably including reduced growth rate in NaCl supplemented conditions. The absence of clear 

trends between treatments and the low intra-treatment variation would suggest that any 
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changes to bacterial growth occur in response to mutations conveying resistance specifically, 

not adaptions to serial passage (Melnyk et al., 2015). 

Generated resistant strains were subject to molecular and phenotypic characterisation at the 

peak of resistance and at the end of the time course. Confirmation of the maintenance of 

methicillin resistant S. aureus strain identity throughout the experiment facilitated the sending 

of samples for whole genome sequencing. Electron microscopy images demonstrate the 

conserved cell size and shape of the generated cell lines, with no clear changes to cell 

morphology. Though no images were captured of defective cell division in the presence of sub-

MIC moenomycin A concentrations, as has been previously reported in single step moenomycin 

A resistance, further investigation is required to confirm if multi-step resistant strains avoid this 

phenotype (Rebets et al., 2014). 

4.4.2 Genome sequencing and consequences of resistance 

To determine the underlying mechanisms through which resistance is achieved, a single colony 

from each of the ancestral, arg10 teixobactin and moenomycin A resistant populations was 

subjected to whole genome sequencing (WGS). Following confirmation of the genetic identity 

of resistant strains compared with the ancestral strain, 103 total single nucleotide 

polymorphisms (SNPs) were identified across the twelve evolved strains. 

Each of these SNPs may be a result of either adaptive or neutral adaptive evolution. Assuming 

the absence of external factors, the probability of a single neutral mutation conveying no 

selective advantage reaching fixation in these populations is approximately 1 in 7.5x10-6, 

however if that same mutation conveyed a 20% selective advantage it would take only fifteen 

generations to progress from a single cell to 99% of a population (Hartl & Clark, 2007). Though 

these populations were not subject to induced recombination, it is possible for a neutral 

mutation that arose through chance to ‘hitch-hike’ alongside pre-existing mutations that do 

confer increased resistance, increasing in frequency together (Y. Kim & Maruki, 2011). 

Furthermore, as only a single colony was isolated and sequenced it is not possible to determine 

if the recorded mutations are fixed or polymorphic within each population (Hedge & Wilson, 

2016).  

Ideally each permutation of SNPs would be reverse engineered, and the individual and 

combinatorial effect experimentally determined, however this would require the individual 

generation of ~364 strains. Even if only ‘key’ SNPs were generated then over 1000 strains would 

be required. As such the likely effect of these mutations is inferred through in‐silico translation, 

structural analysis and codon usage. Where possible, previously deposited structures from the 

Protein Data Bank with a high nucleotide similarity were utilised to correlate these SNPs with 
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mechanisms of resistance (Rcsb, 2020). Although it has not been possible to produce mutants 

for these key proteins, the overlap between the mutational location and mechanism of 

resistance mean these changes are highly likely to alter protein conformation and affect 

antibiotic binding (Schaefer & Rost, 2012). A PCR based approach was trialled to determine the 

point in the time course at which each mutation arose, using primers designed to bind to the 

wild‐type but not the mutant. Low reproducibility from these results rendered this an unreliable 

method and was discontinued. A full detailed discussion of the possible mechanism of each SNP 

can be found in (Supp S‐2). 

Mutations unique to arg10-teixobactin resistance 

Across the six replicate strains with teixobactin resistance, there are eleven SNPs identified as 

‘key mutations’ underpinning acquired resistance. These were identified through a combination 

of repeated observation across strains and in-silico interrogation of molecular function. These 

SNPs can be categorised into three distinct paths to the acquisition of resistance. Though there 

is no overlap between the mechanisms of resistance, there are common themes of modifications 

to lipid biosynthesis, cell wall synthesis and energy metabolism. Though the effect of these 

mutations can be inferred, the lack of characterised resistance mechanisms, non‐protein target 

and incomplete understanding of the mechanism of action of teixobactin makes it impossible to 

confirm the precise nature of resistance. 

Path one: Four arg10‐teixobactin resistant strains carried identical mutations in 

Phosphatidylglycerol lysyltransferase (mprF), transcriptional regulatory protein (srrA), KDP 

operon transcriptional regulatory protein (kdpE) and DNA gyrase subunit A (gyrA). The tolerance 

of these strains was: Strain 1 (8 µg/mL), strain 2 (8 µg/mL), strain 3 (4 µg/mL) and strain 4 (5.3 

µg/mL). MprF has been previously implicated in modifying staphylococcal 

lysylphosphatidylglycerol to convey a net extracellular positive charge, reducing susceptibility to 

several cationic antimicrobial peptides (Hebecker et al., 2015) srrA and kdpE are phospho‐relay 

signal transduction proteins which regulate separate, two‐component signalling pathways. 

These influence a number of downstream processes thought to be immunomodulatory and 

virulence linked (Freeman et al., 2013; Pragman et al., 2007). GyrA is a subunit of DNA gyrase 

which is responsible for negatively supercoiling DNA (Nagai et al., 2001).  These four SNPs are 

common to strains 1‐4, it is the addition of glutamine methyltransferase (prmC) present in strains 

1, 2 & 4 and protein dltD (dltD) present in strains 1 & 2 that further increases resistance.  PrmC 

regulates gene expression through methylation of the ‘GGQ motif’ and is crucial to bacterial 

protein translation (Graille et al., 2005). DltD is involved in D‐alanylation of lipoteichoic acid and 

potentially influencing the charge of the cell wall, excluding charged compounds from their 

target sites (Reichmann et al., 2013). 
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Path two: Strain 6 exhibited the joint highest tolerance to arg10‐teixobactin (8 µg/mL), 

harbouring three primary mutations, in the putative peptidoglycan glycosyltransferase FtsW 

(ftsW), Extracellular matrix‐binding protein (ebh1) and Isocitrate dehydrogenase (icd). FtsW is 

speculated to function as a lipid II flippase and peptidoglycan synthase (Ruiz, 2015). Ebh1, is a 

>400 Kda protein, thought to sequester harmful compounds from the immediate environment 

surrounding the cell, including antimicrobial peptides (Tanaka et al., 2008). Isocitrate 

dehydrogenase (Icd) is an enzyme integral to the TCA cycle (Singh et al., 2001). An A317P point 

mutation was observed within ICD. This near active site mutation may lead to a shift in cellular 

energy metabolism, compensating for reduced efficiency in cell wall metabolism.  

Path three: arg10‐teixobactin resistant strain 5 acquired moderate resistance (5.3 µg ml‐1).  

Mutations were found within a Tyrosine‐protein kinase (ywqD) and Protoporphyrinogen oxidase 

(hemY). YwqD is a close homologue of a regulatory protein for the capsule biogenesis pathway 

(Dolejska et al., 2013). An increase in extracellular capsid production has been previously 

implicated in intermediary vancomycin resistance, this may cross over into conveying resistance 

to other cell wall targeting antimicrobials including teixobactin (Soulat et al., 2006).  HemY is a 

Protoporphyrinogen oxidase which catalyses the oxidation of haem precursors (Boynton et al., 

2011).  An M1V mutation resulted in the loss of start codon and subsequent truncation of the 

protein.  

Mutations unique to moenomycin A resistance 

Mutations unique to moenomycin A resistance were observed across three key genes detected 

across all six replicate strains. Two of these genes, penicillin-binding protein 2 (pbp2) and a 

bifunctional autolysin (lytD), play key roles in cell wall modulation, whilst purR is the regulatory 

domain of cellular Purine metabolism (Weng et al., 1995).  

Pbp2, an important component of cell wall synthesis in S. aureus, is a bifunctional enzyme which 

catalyses the formation of the NAG-NAM β-1-4 carbohydrate bond and amide linkages within 

peptidoglycan (Terrak, 2008). Moenomycin A is a well know inhibitor of pbp2, preventing the 

formation of the nascent peptidoglycan chain (Lovering et al., 2007). Multiple mutations were 

observed in the active site of pbp2. This is consistent with Rebets et al who previously described 

individual active site mutations in two of these positions (Y196 and P234) individually these gave 

rise to a 25-fold increase in resistance (Rebets et al., 2014). lytD is a bifunctional autolysin which 

modulates mature peptidoglycan and has a role in cell wall restructuring. lytD is a family 73 

muramidase, which cleaves the NAG NAM β-1-4 peptidoglycan linkage (Lahiri & Alm, 2016). The 

F134L mutation appears to be away from the lytD active site. PurR is the repressor protein 

regulating the purine biosynthetic pathway (Weng et al., 1995). The I154* mutation causes a 

truncation of purR resulting in the loss of the 5-phospho ribosyl 1-pyrophosphate binding site. 
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This may constitutively induce transcription of the Pur operon. Purine biosynthesis is linked to 

DNA and ATP metabolism, and its upregulation may play a role in offsetting the cost of 

resistance. The effect of all mutations working in concert gave rise to ~1000-fold increase in 

moenomycin resistance across all six strains. 

Mutations common between antibiotic treatments 

58 of the total mutations detected appear to result in no change to the amino acid coded for. 

Genetic redundancy results in a system of codon bias; the differing frequency of synonymous 

codons is a field only beginning to be understood. The rate of gene translation, and subsequent 

protein folding and function, is influence by the relative abundance of mRNA (Zhou et al., 2016). 

Interestingly when the relative abundance of mRNA codons associated with each synonymous 

mutation was pooled together, arg10-teixobactin resistance is accompanied by an apparent 

metabolic slow-down whereas moenomycin A resistance comes with an increased metabolic 

rate. The phenotypic effects of this are impossible to accurately predict, but it is feasible to 

suggest that they may play a role in offsetting the fitness cost of antibiotic resistance (Amorós-

Moya et al., 2010).  

Almost all the mutations common to arg10-teixobactin and moenomycin A resistance occur 

within just two genes. These two genes appear to be immediately next to one another in an ORF, 

encoding hypothetical proteins of no certain function. Such proximity in mutations suggests 

these sites are either important adaptations to the experimental conditions, or that they are 

sites key to the evolution of resistance to these antibiotics. Unfortunately, without sequencing 

data from the control strains, it cannot be said with any certainty which of these is more likely. 

Despite these findings, it is important to remember that not all mechanisms of antibiotic 

resistance are encoded in DNA, and thus go undetected through a whole genome sequencing 

approach. There are a range of mechanisms that could contribute to the acquisition of resistance 

against moenomycin A and arg10-teixobactin including upregulation of metabolic process, 

particularly those within the peptidoglycan synthesis pathway (Depardieu et al., 2007). This 

could also explain the increased tolerance of osmotic conditions displayed by resistant cell lines 

(Yadav et al., 2018). To identify these however would require detailed proteomic or metabolic 

analysis to identify constituent changes in cellular physiology (Levin & Rozen, 2006). 

Consequences of antibiotic resistance 

Other antibiotics targeting the bacterial cell wall have been previously implicated in upregulating 

stress-response proteins, including heat-shock responses such as the molecular chaperone 

HSP10 modulating protein folding (Gophna & Ron, 2003; Singh et al., 2001). Therefore it could 

be that, through extended exposure to moenomycin A, a sustained increase to maintained levels 
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of heat-shock proteins is caused. This would effectively prime cells prior to heat stress exposure, 

resulting in the increased growth rate at 44°C. The reduced growth rate of moenomycin A 

resistant strains when grown under sub-MIC moenomycin A conditions has previously been 

reported following the phage mediated induction of point mutations to PBP2(Rebets et al., 

2014). Though tolerance to moenomycin was achieved and no physiological differences 

detected under optimal growth conditions, in the presence of moenomycin A growth was 

slowed and nascent peptidoglycan chains significantly shortened. 

The fitness of a bacterial strain carrying resistance mutations may be affected without a 

detectable change in growth rate, instead displaying reduced transmissibility compared with 

antibiotic susceptible isolates (Wiesch et al., 2010). Using G. mellonella as an in-vivo model, the 

pathogenicity of each strain can be effectively compared. The pathogenicity of all passaged 

strains is notably increased compared with the ancestral strain. But crucially displayed no 

significant variation between treatments and controls. Though this does show that regardless of 

treatment condition, serial passage increases the lethality of bacterial infection, there is no 

measurement of any correlating change to strain infectivity (Somerville et al., 2002). It is also 

crucial to remember that, although G. mellonella is rapidly garnering attention as a model 

system, it is still in the process of becoming established as an invertebrate model (Cook & 

Mcarthur, 2013). Of most importance is the absence of standardised stock centres to provide 

homogeneous populations for testing, though through high repeat numbers and biological 

replicates between larval batches this effect is minimised (Tsai et al., 2016). 

The improved ability of antibiotic resistant strains to survive environmental stresses may aid in 

the sustained survival and proliferation of resistant phenotypes, increasing the potential for 

their survival and spread (Bengtsson-Palme et al., 2018). In a setting where residual antibiotics 

are present; sewerage effluent, clinical settings, agriculture etc, any multi-drug resistance 

conveyed will also promote the survival and spread of novel resistance mechanisms (Chapman, 

2003). In a clinical setting multidrug resistance is especially worrying, it is well documented that 

even low-level multidrug resistance can facilitate the survival and spread of resistant organisms 

(Barnes et al., 2017).  

The acquisition of de novo resistance to moenomycin A additionally conveys low-level resistance 

to other cell wall inhibitors. In contrast, though resistance to arg10teixobactin does also result in 

small increases to moenomycin A and vancomycin MICs, the overall trend is not towards 

additional resistance, even resulting in increased susceptibility to nisin. Moenomycin A and 

arg10-teixobactin resistant cell lines recorded the largest increases in MIC against bacitracin, 

though this should be cautiously considered given the associated increase in rifampicin resistant 

strains. 
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Cross-resistance between multiple antibiotics that target cell wall synthesis is unsurprising given 

the small number of targets within the highly conserved cell wall biosynthetic pathway (Mishra 

et al., 2011). The mechanisms of action for the tested antibiotics can be seen in (Fig 48), from 

this it is clear how broad effecting resistance mechanisms such as changes to extracellular 

charge or increased turnover rate of cell wall precursors could convey low level resistance to 

multiple antibiotics (Munita & Arias, 2016). 

 

Figure 48 The location of action of cell wall antimicrobials used in this study: peptidoglycan precursors are 
synthesised into lipid II in the cytoplasm. This is “flipped” across the membrane by the transport lipid (undecaprenyl 
phosphate). The glycosyltransferase (GT51) catalyses polymerization of the nascent peptidoglycan chain from lipid II 
(Cadby & Lovering, 2014).  Mechanisms of action: moenomycin A (shown in red) binds to the active site of a GT51 
glycosyltransferase inhibiting the formation of the glycan bond (Lovering et al., 2007).  Vancomycin and teicoplanin 
bind to the terminal D-alanyl-D-alanine moieties of the NAM/NAG-peptides preventing peptidoglycan formation (J.-
G. Lee et al., 2004).   Nisin and teixobactin interact with the pyrophosphate of lipid II (Fiers et al., 2017; Hasper et al., 
2006) . Bacitracin affects the phosphorylation of C55-isoprenyl pyrophosphate and related bactoprenol pyrophosphate 
by binding to the pyrophosphate of these molecules. These lipids function as membrane carriers which are “flipped” 
back in to the cell and recycled for Lipid II metabolism (Stone & Strominger, 1971) Adapted from: (Typas et al., 2011). 

Arg10-teixobactin evolved strains were further evaluated for cross-resistance against a panel of 

twelve teixobactin analogues. These analogues represent a large structural diversity of the 

active teixobactin analogues that have been previously synthesised (I. T. Singh, Edward, 2018). 

Though these compounds present a number of different functional groups at key residues, it is 

currently believed that the mechanism of action remains conserved (Parmar et al., 2017; Yang 

et al., 2017). Arg10-teixobactin resistance also conveys an increase in the average MIC against 

this panel of teixobactin analogues, though the extent of this increase exhibits no correlation 

when individual strains are compared. This highlights one of the major advantages associated 

with an antimicrobial peptide, the ability to easily generate a library of active structures that 

could be cycled or applied in combination in a clinical setting to reduce the likelihood of resistant 

strains emerging, or to treat low-level resistant strains (Chen et al., 2003; Sheard et al., 2019). 

4.5 Conclusion 
Through the exploitation of evolutionary selection pressures, de novo resistance was 

developed to moenomycin A and arg10-teixobactin in S. aureus. The scale of this resistance 
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differed wildly, with less than a four-fold increase against arg10-teixobactin over 45 days 

compared with a thousand-fold increase towards moenomycin A.  

Further investigation into the physiology uncovered no clear overall change in the growth rate 

of resistant cell lines, though a general increase in resistance to other cell-wall targeting 

antibiotics was detected in moenomycin A resistant strains. Whole genome sequencing 

identified 103 SNPs across the twelve resistant strains, making it possible to identify potential 

resistance mechanisms to moenomycin A through modification of cell-wall modulatory 

enzymes Whereas arg10-teixobactin resistance appeared to be a result of three distinct genetic 

routes to resistance, with common themes linked to lipid biosynthesis, cell wall modifications 

and energy metabolism. 

The identification of resistance to arg10‐teixobactin and moenomycin A, both of which are 

generally thought to be recalcitrant to resistance, is vital information concerning antibiotic 

stewardship should either family of antibiotics be introduced in the future. However, with 

appropriate stewardship efforts, both compounds still show future promise in combatting 

rising antibiotic resistance 
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Chapter 5 The impact of wastewater on the pre-

existing resistome of arg10-teixobactin 
5.1 Introduction 
Antimicrobial resistance limits the capacity to control bacterial disease, with the growing 

prevalence of AMR leading to increasing numbers of infections progressing to severe illness. 

AMR is anticipated to claim over 10 million working age lives per year by 2050 (Anderson et al., 

2019), with the cumulative economic costs predicted to exceed $100 trillion over the same 

period (Macpherson et al., 2009; O'neill, 2014; Ventola, 2015). 

In the struggle to combat AMR, it is vital that the full breadth of the challenge is considered. This 

includes refraining from focusing solely on clinical isolates, despite being the agents of disease 

they are only one facet of the overall problem (Otokunefor et al., 2018). Focusing on the 

immediate infection in understandable, but the scientific community has a responsibility to 

consider the broader antibiotic resistome and use this to inform future antibiotic stewardship 

(Kümmerer, 2009). To achieve this, core changes are required to the way AMR is tackled, 

accounting for interactions within bacterial populations outside of clinical niches (Pärnänen et 

al., 2019; Ter Kuile et al., 2016). 

When considering the interplay between bacterial niches, many studies focus on the culturable 

fraction of the bacterial population, discounting bacterial species unable to be grown under 

laboratory conditions. Most bacteria cannot be cultured under artificial laboratory conditions, 

with <2% of bacterial diversity able to grow even on complex growth media (Nichols et al., 2010; 

Stewart, 2012). Early microbiologists hypothesised that there must be more bacterial species 

than observed, but it was only with the advent of culture-independent next-generation 

sequencing (NGS) that the true extent of microbial diversity was demonstrated (Bhaya et al., 

2007; Datta et al., 2020; Hibbing et al., 2010; Wiedenbeck & Cohan, 2011). The ribosomal 16s 

subunit is unique to bacteria, and due to the low rate of mutation within the 16s rRNA gene, has 

become an ideal target for assessing the diversity of a microbial population (Rausch et al., 2019; 

Walsh et al., 2018; Woese & Fox, 1977).  

In addition to considering the total microbial population, testing conditions must also be 

considered. Laboratory conditions are excellent for providing readily comparable, standardised 

conditions for testing antibiotic effectiveness and susceptibility (Magana et al., 2018). However, 

even complex laboratory systems are unable to fully recreate the simplest natural environment, 

limiting the analysis of population-level interactions that facilitate AMR (Roberts et al., 2015). 
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There are multiple routes through which bacteria can acquire antibiotic resistance mechanisms. 

The development of resistance in a previously susceptible strain has been discussed in detail 

earlier in this work, and so here we focus on the spread of resistance mechanisms between cells. 

The horizontal transfer of genetic material between bacteria gives them an edge in the constant 

interspecies competition for fitness (C. M. Thomas & Nielsen, 2005). Genes encoded within 

specialised mobile genetic elements (MGEs) are readily exchanged intra and inter species (Frost 

et al., 2005). MGEs facilitate bacterial adaptability, driving their rapid evolution compared with 

eukaryotes, underpinning the rapid spread of AMR through bacterial populations (Partridge et 

al., 2018). Unlike many de-novo mutations conveying resistance, there are multiple selection 

pressures driving the evolutions of MGEs, resulting in numerous MGEs conveying resistance at 

little to no cost to the cell (Wong, 2017). Furthermore, horizontal transmission of MGEs 

facilitates the generation of multi-drug resistant bacterial strains (Alekshun & Levy, 2007). 

Much of the research into the spread of AMR through MGEs focuses on pathogenic species in a 

clinical setting, and most relevant resistance mechanisms are MGE encoded (Vrancianu et al., 

2020). Though the transfer of resistance between pathogenic species is a cause for concern, in 

studying the spread of antibiotic resistance it is vital that the entire resistome is considered. 

Antibiotics affect any susceptible bacteria exposed to them (Singh et al., 2018), with commensal 

and environmental bacteria subject to the same evolutionary selection pressures as pathogenic 

bacteria (Landecker, 2016). Many vital antibiotics are naturally occurring compounds and their 

derivatives (Bérdy, 2005). The mass application of antibiotics in the modern era has driven 

selection for, and the distribution of, pre-existing resistance mechanisms around the world 

(Nesme & Simonet, 2015). Many of these resistance mechanisms predate the modern antibiotic 

age (Perry et al., 2016), and their broad distribution suggests that many MGEs carrying antibiotic 

resistance mechanisms originally fulfilled another function, one that mass antibiotic usage and 

selection has adapted into clinically relevant resistance mechanisms (Davies & Davies, 2010). 

No ecosystem exists in isolation, with all corners of the globe only a handful of degrees of 

separation away. This interconnection facilitates the rapid spread of antibiotic resistance 

mechanisms, frequently through non-pathogenic bacteria persisting as a result of 

environmental antibiotic pollution (Cycoń et al., 2019). Outside of pollution from the 

pharmaceutical industry, most environmental antibiotic pollution can be traced back to 

wastewater treatment systems and agricultural runoff (Larsson, 2014; Rizzo et al., 2013). 

Effective treatment in wastewater treatment plants (WWTP) can reduce the quantity of free 

antibiotics and the number antibiotic resistant strains in the effluent, but lax processes and high 

initial bacterial loads make it almost inevitable that some bacteria carrying resistant genes 

survive the treatment process (Pärnänen et al., 2019). The discharge of wastewater into 
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waterways provides a platform that selects for antibiotic resistant phenotypes, and 

subsequently releases them into the wider environment (Barancheshme & Munir, 2017). 

Multiple studies have utilised NGS technologies to identify WWTP as hubs of AMR, generating 

and disseminating ARGs in bacteria (Guo et al., 2017; Li et al., 2016; Zhang et al., 2009). If this is 

left unchallenged, then future antibiotic stewardship efforts will be hampered by the activity of 

WWTP (Perry & Wright, 2013). Until a concerted international effort works to overcome this, it 

is crucial that, for novel antibiotics in the development pipeline, the extent and dynamics of the 

pre-existing resistome associated is investigated, with focus on niches associated with 

wastewater. 

To date, amongst Gram-positive isolates, no significant resistance has been reported to 

teixobactin, and a ~3-fold increase induced to synthetic derivative arg10-teixobactin. This is 

generally attributed to the potent binding of lipid II and III, alongside secondary targets including 

teichoic acid stimulating the release of autolysins (Homma et al., 2016; Yang et al., 2017). This 

ability to “kill pathogens without detectable resistance” is the defining characteristic of 

teixobactin that has generated such widespread interest (Ling et al., 2015). Of course, the 

absence of observed resistance does not exclude the possibility of specific pre‐existing resistance 

mechanisms in the environmental resistome, conveying resistance through previously 

unobserved mechanisms (Willms et al., 2019).  

As an antimicrobial peptide (AMP), it is possible that population‐level tolerance may be achieved 

through non‐specific interactions from existing proteases (Wang et al., 2019). The inclusion of 

four D‐amino acids in teixobactin may reduce the activity of many proteases, making teixobactin 

more resilient to passive degradation (Papo et al., 2002). To investigate existing resistance 

mechanisms in the environment, arg10‐teixobactin will be used, due to the comparable 

mechanism and spectrum of activity, as well as the relative ease of obtaining enough compound 

(Parmar et al., 2016). 

Vancomycin has long been the gold standard for the treatment of severe MRSA infections 

(Rodvold & Mcconeghy, 2014). This activity is achieved through interference with the 

crosslinking of the D‐Ala‐D‐Ala residues required to form peptidoglycan in the bacterial cell wall 

(Watanakunakorn, 1984). Despite being first sold in 1954, it was not until 1996 that the first 

MRSA with vancomycin resistance was identified, though this resistance has since become much 

more commonplace (Arias & Murray, 2012; Hiramatsu, 2001). Though vancomycin and 

teixobactin have differing modes of activity, they both inhibit bacterial cell wall synthesis and 

exhibit a comparable spectrum of activity. Vancomycin too was thought to be ‘resistance 

resistant’, but since 1996 with the identification of the first vancomycin resistant MRSA strain 
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resistance has become commonplace (Hiramatsu, 2001). As such, vancomycin will make an ideal 

comparison for the extent of existing resistance within the environment. 

No study has yet investigated, through the application of metabarcoding, the extent and 

dynamics of pre‐existing environmental resistance to arg10‐teixobactin and the impact of human 

activities on its distribution. An understanding of the pre‐existing resistome associated with 

novel antibiotics is vital prior to their clinical introduction, to facilitate the appropriate 

implementation and stewardship to maximise its effectiveness. For this reason, soil samples 

were collected from two locations in Lincoln: one located downstream a sewerage treatment 

plant (and therefore called effluent‐exposed from now on) and one non‐agricultural land 

(referred to as clean location).  

5.1.1 Aims 
1. Determine the effect of sampling location on population composition 

2. Assess the breadth of pre-existing resistance to arg10-teixobactin 

3. Uncover the impact of WWTP effluent-exposure on the soil resistome 

4. Quantify the differential resistome towards arg10-teixobactin and vancomycin 
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5.2 Methods 
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5.3 Results 

5.3.1 Culture dependent approach 
Initially, a traditional culture-dependent microbiological approach was taken, assessing the 

prevalence of pre-existing antibiotic resistance to arg10-teixobactin and vancomycin. To achieve 

this, soil samples from around the Joseph Banks Laboratories were collected and screened for 

Gram-positive bacteria resistant to vancomycin and arg10-teixobactin. 122 bacterial isolates 

were successfully purified to monoculture, 27 of which were from vancomycin selective media 

and 95 from arg10-teixobactin containing media. Only 48 of these isolates gave a definitively 

Gram-positive phenotype when Gram-stained, 13 vancomycin and 35 arg10-teixobactin selected. 

When the MIC of these 48 isolates was tested, no strain exhibited an MIC <8 µg/mL to arg10-

teixobactin and only four isolates exhibited an MIC >16 µg/mL against vancomycin.  

5.3.2 Culture independent approach 
To overcome the inherent flaws of a culture-dependent approach, metagenomic sequencing the 

total 16s rRNA of a population was used to investigate the population-level effects of exposure 

to arg10-teixobcatin and vancomycin, and the impact of human activity on the prevalence of that 

resistance. 

Sequencing results 

Of the 36 samples sent to Novogene for sequencing, four samples failed library barcoding 

preparation quality control, leaving a minimum of four replicates per treatment per location. A 

total of 4,351,694 16S rRNA gene sequence reads (135,990  13,022) were obtained. After 

removal of low abundance (those less than 0.05% representation) amplicon sequence variants 

(ASVs) with > 97% similarity, a total 4,188 ASVs remained representing 33 phyla, 107 classes and 

162 orders.  

Overall, Proteobacteria were the most abundant phylum (44.98%), with, Betaproteobacteria, 

Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria accounting for 13.00%, 

12.61%, 8.32% and 6.21% of total cumulative biodiversity respectively. Followed by 

Actinobacteria (24.12%), with class Thermoleophilia at 6.86%, Acidimicrobiia 6.37% and class 

Actinobacteria representing 5.58%, Acidobacteria (10.64%), and class Acidobacteria-6 

representing 7.50% and Bacteroidetes (5.38%).   

 

 

To quantify the effect of sampling location, treatment, and both combined on bacterial 

populations, communities were evaluated using three standard ecological metrics: 

1. Differences in the absolute numbers of taxa (also known as taxa richness) 
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2. Differences in the types or presence/absence of taxa 

3. Differences in the community composition of taxa, as suggested by Morrison-Whittle 

and Goddard (2015). 

5.3.3 Bacterial communities in the two sampling sites  

Bacterial communities in the two sampling sites are significantly different 

To assess the bacterial populations of each sampling location prior to antibiotic exposure, 

control samples from effluent-exposed and clean soil were compared.  

 

Figure 49 Taxanomical diversity of bacterial soil samples: Measured as the number of species identified according to 
location and treatment. Location 1 is clean, location 2 is effleunt exposed. C is antibiotic free control, T is arg10-
teixobactin treated and V is vancomycin treated.  * denotes a p<0.05, ** denotes p<0.01. 

When considering sampling location, samples collected from the bank of Sincil Dyke, 

downstream of the Canwick wastewater treatment facility, will be referred to as ‘effluent-

exposed’, and samples from the bank of the river Witham will be referred to as ‘clean’. 

When considering the effect of sampling location alone, bacterial communities from the 

effluent-exposed sampling site showed a significantly lower number of total bacterial taxa (p = 

5x10-2, Tab 4A, Fig 49), as well as a significantly different bacterial population composition (Supp 

Tab 4-A).  The number of bacterial taxa recorded did not significantly change as a result of 

sampling location or treatment (Supp Tab 4-B,C) (Fig 49), however the type and relative 

abundance of taxa was significantly impacted. 

There is a clear separation of the samples based on sampling location and treatment is visible 

when separated by principal components (Supp Fig 1), reporting the PCA plots of 

presence/absence and Hellinger-transformed taxa abundances of the samples of this study.  

Clean samples showed a significantly higher number of bacterial taxa (F= 14.81, p = 3x10-3, Fig 

49), significantly different taxa (R2 = 0.21054, p = 2x10-3), and significantly different taxonomical 

abundance (R2 = 0.3043, p = 2x10-3). At phylum level, control samples of soil collected from the 
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clean sampling sites showed a significantly higher abundance of Acidobacteria, Bacteroidetes, 

Chlorobi, Gemmatimonadetes, Nitrospirae, Planctomycetes and WS3. Whereas samples 

collected from the effluent-exposed location recorded a significantly higher relative abundance 

of Actinobacteria (p = 3x10-2) on average twice as abundant as in clean soil, Firmicutes were also 

weakly more abundant in the effluent-exposed samples (p= 5x10-2). Spreadsheet 1 summarises 

the relative abundances of all phyla, classes and orders from the two sampling sites. In addition, 

Kruskal-Wallis, chi square and P-values test whether these taxa show a significantly different 

relative abundance in the two sampling sites.  

To identify the contribution of each antibiotic by location, pairwise analyses were conducted, 

reported in (Tab 26). Briefly, neither treatment significantly affects the total number of bacterial 

species reported. In contrast, all antibiotic treatment affected both the relative taxa richness 

and community composition compared to the control. The magnitude of the effect of 

teixobactin is similar in the two sampling locations when looking at types of taxa (similar R2 and 

P values), but is larger in the effluent-exposed location when considering taxa abundances (R2 = 

0.18414 vs 0.22377 and p = 5x10-2 vs 2x10-3), suggesting that there is more intrinsic AMR to 

teixobactin in the effluent-exposed soil. Though it should be noted that there were a higher 

number of TPSP in the control samples from the effluent-exposed sample locations. 

Interestingly, the opposite happens when considering vancomycin treatment, with stronger 

effects on the bacterial populations of the clean location than the effluent-exposed location, 

though the population changes of species type and abundance are not consistent between 

sampling locations. This differential response again reinforces the suggestion that the 

population-level effect, and hence population susceptibility, of exposure to vancomycin and 

arg10-teixobactin is not uniform, despite their comparable modes of action.  
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Table 26 The effect of antibiotic treatment on total bacterial populations at each location: (C=no antibiotic, T=arg10-

teixobactin, V=vancomycin). The differential response of total populations at each location for arg10-teixobactin and 

vancomycin compared to the antibiotic-free control, analysed through Kruskal-Wallis and two-way PERMANOVA 

location 
Pairwise 

comparison 
Number of species Types of species 

Abundances of 

species 

Clean 

C vs T 
F = 0.698 

p = 4x10-1  

R2 = 0.12544 

p = 4x10-2 * 

R2 = 0.18414 

p = 5x10-1 * 

C vs V 
F = 3.451 

p = 1x10-1 

R2 = 0.21906 

p = 5x10-3 ** 

R2 = 0.39349 

p = 5x10-3 ** 

Effluent-

exposed  

C vs T 
F = 1.328 

p = 3x10-1 

R2 = 0.12323 

p = 5x10-1 * 

R2 = 0.22377 

p = 2x10-3 ** 

C vs V 
F = 0.001 

p = 1 

R2 = 0.15773 

p = 2x10-2 * 

R2 = 0.21081 

p = 3x10-3 ** 

 

The inherent differences due to sampling location in the microbial populations of control 

samples is confirmed by an indicator species analysis. Specifically, of the 2,997 ASVs that were 

shared by the control samples in the two locations, 357 ASVs were indicator species of the clean 

soil (11.91%) and 80 ASVs were indicators of the soil from the effluent-exposed location (2.67%) 

(Supp Fig 2) (Spreadsheet 1, sheet 1). The community composition at class level of the control 

samples is reported at the two sampling locations. 

Due to the significant differences between the control samples from the two locations, the effect 

of the antibiotic treatments was assessed independently for the two sampling locations.  

5.3.4 Antibiotic exposure effect in susceptible populations  
The inhibitory activity of teixobactin family compounds almost exclusively affects Gram-positive 

bacteria. As such, focus was placed on ASVs belonging to Gram-positive phyla (Actinobacteria 

and Firmicutes) in addition to broadly monoderm phyla Saccharibacteria (known as TM7) and 

Chloroflexi (Hugenholtz et al., 2013; Sutcliffe, 2011). From this point, these phyla will be referred 

to as Teixobactin-Potentially Sensitive Population (TPSP). In total, 1,153,891 reads assigned to 

879 ASVs belonged to TPSP, covering 27 classes and 37 orders (Spreadsheet 1, sheet 2). 
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Figure 50 Diversity of the teixobactin susceptible fraction of soil bacteria: The number of TPSP species identified 
according to location and treatment. Location 1 is clean, location 2 is effleunt exposed. C is antibiotic free control, T is 
arg10-teixobactin treated and V is vancomycin treated.  * denotes a p<0.05 

Clean and effluent-exposed sampling sites have different TPSP 

When considering the effect of sampling location whilst discounting the treatment applied, no 

effect on total taxa number detected was recorded (p = 0.2, (Fig 50)). There was however a 

significant difference in the type (p = 1x10-6) and relative taxonomical abundance (p = 6x10-3). 

This trend continued when simultaneously assessing the effect of sampling location and 

treatment on TPSP (Tab 27-C) No measure of taxa composition significantly changed when 

considering the treatment conditions alone (Tab 27-B). The separation of samples based on 

sampling location and treatment is clearly visible when reported as PCA plots of 

presence/absence of taxa and Hellinger-transformed taxa abundances of the samples (Supp Fig-

3). 

Table 27 The effect of sampling location and treatment on TPSP populations: the difference in TPSP caused by sampling 
location, treatment condition and both combined was assessed through two-way PERMANOVA 

 Number of taxa Types of taxa Abundances of taxa 

A. Effect of the 

sampling location 

F= 1.554 

p = 2x10-1 

R2 = 0.11584 

p = 1x10-6 *** 

R2 = 0.09668 

p = 6x10-3** 

B. Effect of the 

treatment 

F= 1.435 

p = 2x10-1 

R2 = 0.04191 

p = 1x10-1 

R2 = 0.04277 

p = 2x10-1 

C. Effect of the 

sampling location 

and treatment 

F = 2.777 

p = 1x10-1 

R2 = 0.11727 

p = 1x10-6 *** 

R2 = 0.09894 

p = 5x10-3 ** 
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Antibiotic free TPSP communities were significantly different between the two sampling 

locations: clean samples showed significantly lower number of taxa than the effluent-exposed 

samples (F = 14.81, p = 3x10-3). Moreover, baseline TPSP communities in the two sampling 

locations showed significantly different relative taxa richness (R2 = 0.19897, p = 2x10-3) and 

community composition (R2 = 0.29609, p = 5x10-3). 

Teixobactin and vancomycin treatments differentially affect TPSP in clean and effluent-exposed 

soil 

Teixobactin treatment showed no significant effect on the number, type and abundance of 

microbial taxa in the clean location (Fig 50, Tab 28-a). Unlike vancomycin, treatment with which 

resulted in increased taxonomic diversity (Fig 50, Tab 28-b). In contrast, TPSP communities of 

samples from the effluent-exposed location had comparable responses to arg10-teixobactin and 

vancomycin treatment, causing a significant reduction in the number of bacterial taxa (Fig 50, 

Tab 28-c & d). 

Table 28 The effect of antibiotic treatment on TPSP at each location: (C=no antibiotic, T=arg10-teixobactin, 
V=vancomycin). The differential response of total populations at each location for arg10-teixobactin and vancomycin 
compared to the antibiotic-free control, analysed through Kruskal-Wallis and two-way PERMANOVA 

Location 
Pairwise 

comparisons 
Number of taxa 

Types of 

taxa 

Abundances of 

taxa 

Clean 

a. C VS T 

Kruskal-Wallis chi-squared = 

0.3 

p = 6x10-1 

R2
 = 0.1175 

p = 2x10-1 

R2
 = 0.13339 

p = 2x10-1 

b. C VS V 

Kruskal-Wallis chi-squared = 

6.5455 

p = 1x10-2 * 

R2
 = 0.22099 

p = 4x10-3 ** 

R2
 =0.38233 

p = 1x10-2 ** 

Effluent-

exposed 

c. C VS T 

Kruskal-Wallis chi-squared = 

5.7895 

p = 2x10-2 * 

R2
 = 0.13783 

p = 2x10-2 * 

R2
 = 0.28623 

p = 4x10-3 ** 

d. C VS V 

Kruskal-Wallis chi-squared = 

4.8219 

p= 3x10-2 * 

R2
 = 0.1705 

p = 6x10-3 ** 

R2 
= 0.27827 

p = 7x10-3 ** 

 

Indicator species of pairwise analyses are reported in Spreadsheet 2. No indicator species were 

identified when comparing TPSP in control and teixobactin-treated samples from clean samples. 

This further demonstrates that teixobactin treatment had little impact on the TPSP of microbial 

populations free from wastewater effluent. On the other hand, vancomycin treatment in the 

clean soil targeted multiple species, Acidimicrobiales sp., TK17 sp., Ellin6529 sp. and JG30-KF-

CM45 sp. While species enriched due to resistance to vancomycin-treatment belonged to 

numerous families including, Acidimicrobiales sp., Actinomycetales sp., Bacillus sp., EB1017 sp., 
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Gaiellaceae sp., Gaiellales sp., Micromonosporaceae sp., Nocardioidaceae sp., Nocardioides sp., 

Paenibacillus sp., Solirubrobacteraceae sp. and Solirubrobacterales sp. (Spreadsheet 2,). The 

identification of these indicator species in response to vancomycin treatment highlights the 

vastly different population-level response to vancomycin and arg10-teixobactin treatment. 

From the effluent-exposed sampling location, arg10-teixobactin treatment primarily targeted 

species belonging to classes Acidimicrobiia, Actinobacteria and Thermoleophilia (Spreadsheet 

2). Vancomycin treatment of the same samples also targeted classes Acidimicrobiia, 

Actinobacteria and Thermoleophilia (Table S4). The overlap in indicator species phyla between 

samples treated with arg10-teixobactin and vancomycin indicates a possible overlap in the 

population effect of exposure to either compound, unlike in clean sampling locations. 

5.3.5 Teixobactin AMR is significantly higher in the clean soil, while vancomycin has 

greater impact on effluent-exposed soil 
When combining analysis of both antibiotic treatments across both locations, no significant 

change in the total number of taxa was recorded (Tab 29). Moreover, for both sampling 

locations, antibiotic treatment had a significant impact on the types and abundances of TPSP 

taxa. 

Table 29 The combined effect of arg10-teixobactin and vancomycin on TPSP populations: Differentiated across clean 

and effluent-exposed locations and analysed through Kruskal-wallis and two-way PERMANOVA. 

Location  Number of taxa Types of taxa Abundance of taxa 

Clean 
Kruskal-Wallis chi-squared = 

2.0833 p-value = 4x10-1 

R2 = 0.13926 

p = 9x10-4 *** 

R2= 0.24359 

p = 2x10-3 ** 

Effluent-

exposed 

Kruskal-Wallis chi-squared = 

2.7595 

p = 3x10-1 

R2 = 0.10355 

p = 1x10-2 * 

R2 = 0.1464 

p = 1x10-5 *** 

 

Functional prediction of the control sample communities revealed 1,736 and 404 predicted 

genes to be significantly more present (fdr < 0.01) in the clean and effluent-exposed sampling 

locations respectively. Of the predicted genes, 58 (3.34%) and 37 (9.15%) are associated with 

known AMR mechanisms. These genes are summarised in (Supp Fig 4). Interestingly, the clean 

soil was enriched with Conjugation-proteins encoding and CAMP resistance genes, while the 

effluent-exposed location showed higher abundance of species associated showing 

competence-protein encoding and vancomycin-resistance genes.  
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5.4 Discussion 
This work begins to demonstrate the differential responses of environmental bacterial 

populations to arg10-teixobactin and vancomycin, focusing on the role of WWTP effluent on the 

prevalence of resistance. This was facilitated by advances in NGS technologies that allowed the 

sequencing of the total 16srRNA V3-V4 variable regions of a soil sample, allowing broad 

comparisons of changes in bacterial population in response to antibiotic exposure (Knight et al., 

2018).  

The taxonomic diversity of untreated soil samples analysed in this study is not markedly different 

from previous studies, with Proteobacteria representing almost half of the identified bacterial 

phyla, and the remaining diversity primarily made up of Actinobacteria, Acidobacteria and 

Bacteroidetes (Fiedler et al., 2018; Numberger et al., 2019; Quintela-Baluja et al., 2019). The 

taxonomical dominance of proteobacteria in river and wastewater niches is consistent with 

previous studies (Chu et al., 2018).  

Due to the distinct populations of the clean and effluent-exposed samples, the impact of 

antibiotic treatment was assessed independently for each location. The effect of antibiotic 

treatment on the total bacterial population caused, at most, a weak shift in the relative 

representation of taxa. This is likely due to the selective activity of arg10-teixobactin and 

vancomycin towards Gram-positive species (Antonoplis et al., 2019; Ling et al., 2015). Analysis 

of the total bacterial population thus allows intrinsically resistant Gram-negative species to mask 

subtler changes in population composition (Patrick & Hutchinson, 2009). 

This led to a focused analysis of phyla identified as teixobactin potentially sensitive populations 

(TPSP). These are bacterial phyla likely to be intrinsically susceptible to the activity of teixobactin 

and vancomycin, phyla composed of species without the additional bacterial outer membrane 

that readily conveys intrinsic resistance to these compounds (Hugenholtz et al., 2001; Sutcliffe, 

2011). 

With the removal of non-TPSP from the analysis, a notable difference population composition 

was identified between the two sampling locations. The higher intra-sample variation of 

effluent-exposed samples highlights the differences in population composition, likely driven by 

exposure to WWTP effluent (Chu et al., 2018). The processes that bacteria are exposed to during 

the WWTP process imparts strong selection pressures on the bacteria from the influent (Kim et 

al., 2019). These selective pressures frequently result in the expansion of pathogenic enterococci 

and non-pathogenic actinobacteria in WWTP effluent (Iweriebor et al., 2015; Venkateswar 

Reddy & Venkata Mohan, 2012). It should be noted that in this study, although Sincil Dyke begins 

as an offshoot of the River Witham upstream of the sampling site, despite their proximity, there 



135 
 

is opportunity for other external factors, including domestic and agricultural runoff, to impact 

phyla diversity (Chen et al., 2018; Fiedler et al., 2018)].  

When considering TPSP phyla, treatment with either compound reduced the taxonomical 

diversity of effluent-exposed samples. In contrast, samples from the clean location had a 

differential response to antibiotic treatment, with an increase in diversity in response to 

vancomycin treatment but no significant effect from arg10-teixobactin treatment. By this metric, 

it appears that the distribution of population-level resistance is in direct contrast to what would 

be anticipated, with greater tolerance for both compounds in the non-WWTP exposed samples 

(Guo et al., 2017). A closer investigation highlights that the same bacterial orders reduced in 

abundance following vancomycin treatment in effluent-exposed samples increased in 

abundance for clean samples. Notably, this included the Actinomycetales, a metabolically 

diverse bacterial order known to produce many naturally occurring antibiotics as well as many 

unique and clinically relevant ARGs (Bentley et al., 2002; D'costa et al., 2006). The inconsistent 

response of species to antibiotic treatment between locations could be the mechanism 

facilitating the differential population changes observed. 

Unlike treatment with vancomycin, the overall TPSP composition of clean samples exposed to 

arg10-teixobactin did not markedly change. The low variation in the response to arg10-teixobactin 

treatment could be driven by the homogeneous bacterial populations of the non-WWTP 

exposed riverbank samples (Osunmakinde et al., 2019). This could mean that the bacterial 

communities of each clean sample had a uniform, population-level response to arg10-teixobactin 

exposure, nullifying its activity through a collective response (Cycoń et al., 2019).  

Effluent-exposed samples had a significantly higher number of TPSP compared to clean samples 

and were also more affected by treatment with arg10-teixobactin, treatment that also reduced 

the intra-sample variation. This may be indicative of a core resistant bacterial population, host 

to one or more resistance mechanisms facilitating survival (Quintela-Baluja et al., 2019). This, in 

conjunction with extensive evidence that WWTPs and provide ideal conditions for the 

acquisition and spread of ARGs (Dong Li et al., 2010), provides insight into the possibility of 

resistance generation to antibiotics at the pre-clinical stage of development (G. D. Wright, 2014). 

From clean sampling locations, treatment with arg10-teixobactin may not have had a notable 

effect of TPSP species, but arg10-teixobactin and vancomycin specifically targeted multiple Gram-

negative species amongst the overall population. It remains unclear if this activity is a result of 

direct inhibition, contrasting their established spectrum of activity, or if both compounds modify 

the population dynamics resulting in the expansion and reduction of species through simple 

competition in the new niche (Becerra-Castro et al., 2016; Bohrerova et al., 2015). The soil is a 
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highly competitive bacterial niche, and only a small reduction in relative fitness could be enough 

to cause a significant change in the resultant population (Lladó et al., 2017; Zhou et al., 2017).  

The absence of known ARGs against arg10-teixobactin makes it impossible to determine the 

mechanisms underpinning these changes in population dynamics. It is unclear if the improved 

survival of TPSP in the clean location is due to active resistance mechanisms, or if persistence is 

achieved through low level tolerance facilitating survival until antibiotic clearing by the 

microbiome (Balaban et al., 2019). As a peptide arg10-teixoabactin is likely susceptible to the 

activity of extracellular proteases, though the inclusion of four D-amino acids in the peptide 

stem likely reduces the affinity of many proteases extending the active half-life in the 

environment. 

Through functional prediction of the communities a larger number of ARGs are predicted in the 

clean sampling locations. This highlights that although WWTP effluent is a key source of 

antibiotic resistance genes (ARG) release into the environment, there are numerous reservoirs 

that feed into waterways that cannot be discounted (Peterson & Kaur, 2018). Despite the larger 

number of predicted vancomycin resistance genes from the effluent-exposed location, those 

same samples saw a reduction in taxa richness compared to clean samples. This indicates a core 

TPSP population that can survive under vancomycin selection pressures, but that the rest of the 

TPSP population lack the adaptations and thus cannot survive (Balaban et al., 2019). The same 

trend can be seen in samples treated with arg10-teixobactin, but the lack of known resistance 

mechanisms makes demonstrating this challenging. However, of the genes predicted to be 

enriched in effluent-exposed samples, there was a noticeable enrichment of vancomycin-

resistance genes, including two proteins from the OmpR pathway. This pathway is regulated in 

part by the SrrA motif, for which mutations were identified in all six arg10-teixobactin resistant 

strains with low-level induced resistance (Howden et al., 2010; Lloyd et al., 2020).  

Regardless of sampling location or treatment, all samples retained a population of TPSP species, 

species whose survival could have been a result of adaptive or intrinsic resistance (Sandner-

Miranda et al., 2018). There are many documented Gram-positive bacteria intrinsically resistant 

to vancomycin, and it would be unrealistic to assume that the same is not true of arg10-

teixobactin (R. R. S. Nelson, 1999). Although there are numerous studies assessing the 

prevalence of specific ARGs amongst unculturable bacteria, investigation into the innate 

resistome has been overlooked due to perceived clinical unimportance (Ayrapetyan et al., 2015). 

Though this is understandable when studying bacteria in monoculture, bacteria rarely exist in 

simple systems, and are instead members of complex interconnected systems with 

unpredictable population dynamics (Mydlarz et al., 2006; Peterson & Kaur, 2018; F. Walsh & 

Duffy, 2013). 
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The role of WWTPs in future AMR stewardship policy cannot be understated, though WWTPs 

may reduce the total bacterial load from the influent, including elimination of many ARGs, it has 

been demonstrated time and again that they fail to consistently eliminate all ARG carrying 

bacteria. Worse, it has instead been shown to frequently concentrate ARGs in the surviving 

bacterial population prior to release into the environment via the effluent. Where most studies 

focus on the effect of WWTP effluent on local taxonomic diversity or ARG richness, this study 

investigated the effect of WWTP effluent on AMR against a pre-clinical antibiotic. Finding that, 

bacterial populations exposed to WWTP effluent see a larger reduction in taxa richness following 

exposure to arg10-teixobactin, with almost 80% of the indicator species for arg10-teixobcatin 

treatment characterised as either actinobacteria or firmicutes. This is of course only the first 

step in investigating the breadth of the existing resistome to a teixobactin analogue that has not 

yet been released into the environment by human activity. 

5.5 Conclusion 
Here next-generation sequencing successfully utilised a metagenomic analysis of the 16srRNA 

gene to assess dynamic bacterial population dynamics. The differential effect of arg10-

teixobactin and vancomycin on soil samples from wastewater effluent-exposed soil was 

compared with effluent-free samples from a parallel riverbank. 

This required a differential analysis of antibiotic effect by location due to the impact of 

wastewater-effluent on the initial population composition. With this it was identified that the 

changes in population composition were not consistent following treatment with vancomycin 

or arg10-teixobactin, suggesting a divergent resistome despite similar activity profiles. The 

impact of antibiotic treatment differed by sample collection location, with a greater reduction 

in population diversity following treatment of samples exposed to wastewater-effluent than in 

effluent-free samples. This may be indicative of a core resistant population, however the 

absence of reliable genetic markers of resistance to teixobactin family antibiotics makes it 

impossible to tell if this is achieved through persistence or specific resistance mechanisms.  

This research begins to tell a story of the extent of pre-existing resistance that can be found 

amongst environmental bacterial populations, even towards novel compounds that have yet to 

utilised on a large scale. However, this is only an initial assessment of the environmental 

resistome, and before these findings can effectively inform antibiotic stewardship efforts, must 

be repeated across more locations. 
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Chapter 6 Conclusion 
This thesis aimed to expand the body of scientific knowledge associated with two potent 

inhibitors of bacterial cell-wall synthesis, teixobactin and moenomycin, whilst simultaneously 

innovating on the route to clinical trials of promising future antibiotics.  

Through an iterative approach to the design and testing of teixobactin analogues, understanding 

of the interactions between teixobactin sidechains, and the subsequent effect of modifying 

these on the inhibitory activity has been expanded upon significantly. Initially, this was 

facilitated by building upon the development of arg10-teixobactin, a teixobactin analogue that 

maintained the trends of activity of native teixobactin but without the use of L-allo-

enduracididine. The identification of an active synthetic analogue paved the way for further 

optimisation at position 10 in place of the difficult to obtain enduracididine and resulted in the 

production of a panel of potent synthetic analogues.  

With the role of position 10 on activity established, the role of the residues in the tail region of 

teixobactin was assessed through ‘alanine scanning’, identifying the reactive side chains vital to 

inhibitory activity, whilst also assessing the importance of D-oriented amino acids. Following 

confirmation of the integral role of the four D-oriented residues and determining that Ser3, Gln4 

and Ala9 have some tolerance for substitution. Using this information several analogues were 

synthesised with in-chain modifications, facilitating improved activity against Gram-negative 

species whilst maintaining activity in Gram-positive species. 

To test the potential of these in-vitro findings, G. mellonella was used as an initial animal 

modelling system for the testing of the toxicity and effectiveness in treating an infection of a 

library of lead teixobactin analogues. This demonstrated an absence of toxicity associated with 

any of the tested analogues and identified three compounds with comparable efficacy in 

treating an S. aureus infection compared to the clinical gold-standard vancomycin. 

The development of synthetic teixobactin analogues has resulted in the collaborative generation 

of a library of compounds capable of inhibiting bacteria growth with comparable effectiveness 

to native teixobactin, with some able to perform as effectively as current clinical gold standards. 

Crucially, these analogues achieve this potent inhibitory activity without the need to incorporate 

the difficult to obtain enduracididine, which will contribute to facilitating easier and cheaper 

future development of teixobactin analogues. 

The ability of teixobactin to ‘kill pathogens without detectable resistance’ drove the excitement 

around this newly discovered compound. To chart a positive resolution of the current AMR crisis 

will require significant changes in global antibiotic stewardship practices. However, this will take 
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time to implement effectively, and in the intervening time antibiotics with reduced resistance 

profiles can reduce the damage done. Moenomycin A has also been long associated with being 

‘resistance resistant’, despite widespread use in agriculture, there has never been an 

environmental isolate identified carrying adaptive resistance mechanisms to moenomycin 

family antibiotics. 

S. aureus was utilised as a model species to assess the propensity for the de novo acquisition of 

resistance to arg10-teixobactin and moenomycin A. To facilitate a high selection-pressure 

method, the experiment was performed in liquid media, utilising core evolutionary theory to 

select for resistant phenotypes. Over a 45-day period, increased tolerance was successfully 

induced against moenomycin A, and to a lesser extent to arg10-teixobactin. Resistant phenotypes 

to each antibiotic rapidly reduced following the removal of antibiotic selection pressures. 

Analysis of resistant strains ascertained that moenomycin A resistance appears to also provide 

low level resistance to other cell-wall targeting antibiotics, particularly bacitracin. Though this 

was not true for arg10-teixobactin resistance, it must be noted that resistance to arg10-

teixobactin may convey resistance to other teixobactin analogues. 

Genome sequencing allowed for the identification of possible drivers of the acquired resistance, 

though until these mutations can be reverse engineered the likely effects are inferred from 

existing data. Moenomycin A resistance correlated with consistent mutations within cell-wall 

synthesis and energy metabolism. Low-level resistance to arg10-teixobactin on the other hand 

appears to be attainable through numerous pathways, each sharing common ‘routes to 

resistance’ with modifications to lipid biosynthesis, cell wall regulation and energy metabolism. 

Though the de novo acquisition of resistance mechanisms is a vital factor in the development 

and spread of resistance, the role of pre-existing mechanisms within the environmental 

resistome is frequently overlooked. Sampling the total bacterial populations in soil downstream 

of wastewater treatment plant effluent and a parallel riverbank allowed for a metagenomic 

comparison of the resistome from each location associated with arg10-teixobactin and 

vancomycin. It was ascertained that wastewater effluent impacted the composition of 

downstream soil communities, and that samples exposed to wastewater saw a bigger reduction 

in taxonomical diversity. However, the resistome of each antibiotic was distinct, with greater 

apparent resistance to vancomycin than arg10-teixobactin in clean samples. Though greater 

resistance to a sixty-year-old antibiotic than one in preclinical studies is perhaps unsurprising, 

the survival of a core population in all samples may indicate the existence of a broad resistome 

for teixobactin family compounds. Functional prediction of soil communities identified fewer 

genes associated with antibiotic resistance in wastewater exposed samples, but a greater 

representation of vancomycin resistance mechanisms. This could be the cause of the core 
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resistant population. Though this demonstrates the potential existence of broadly distributed 

strains with resistance to arg10-teixobactin, the mechanism that facilitates this survival remains 

unclear. 

As with all research, this work has its flaws and limitations. Though these do not detract from 

the overall conclusions of the work they are important to consider, particularly before applying 

the findings here to the broader world of antibiotic development.  

Due to the limits of a working as part of a small collaborative team, the design and testing of 

teixobactin analogues was limited to modifications building upon earlier work, with no space for 

experimental structures. Though this has undoubtedly resulted in the production of a library of 

compounds with potent antibiotic activity, future compound design should not overlook the 

potential of modifying other residues to further refine the activity and potential of teixobactin 

family compounds. Of course, when assessing a biological response, it is vital to investigate the 

breadth of activity, therefore the conclusions here will be strengthened through susceptibility 

of additional clinically relevant isolates and through expanded in-vivo testing. 

When considering the structure/activity relationships of an antibiotic it would be ideal to be able 

to experimentally observe the structural changes. Attempts were made to crystallise teixobactin 

analogues, both alone and bound to the subunit of a thioesterase, however as other teams have 

reported the compound was not amenable to crystallisation. 

By relying on solid-state synthesis methods, it was possible to synthesise multiple analogues 

complete with minor variations, however this approach is unlikely to be suitable if mass 

production of a teixobactin analogue is attempted in the future to meet clinical requirements. 

Though larger liquid-phase chemical syntheses have now been achieved, a biological pathway 

would truly allow for large scale production, though the non-ribosomal synthetic pathway poses 

a significant challenge to successful biosynthesis in expression vectors. 

When assessing the de novo induction of resistance, by maintaining six biological replicates, the 

low variation between samples conveys confidence in the observed results. However, due to the 

limited supply of arg10-teixobactin and moenomycin A, it was not possible to repeat the 

induction of resistance on other S. aureus strains let alone other species. As such, this study 

serves to highlight the potential for resistance to develop to teixobactin and moenomycin family 

compounds, and some possible mechanisms through which this could be achieved, but should 

not be considered a comprehensive assessment of the potential for resistance to arise in the 

future. Furthermore, the experiment was performed with a single synthetic teixobactin 

analogue. Though the trends of activity are maintained amongst the library of teixobactin, and 

therefore the mechanisms of action presumed to also be maintained, without repeating this 
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experiment with other teixobactin analogues it cannot just be assumed that they will all respond 

in the same way. Finally by sequencing only single isolate from each replicate condition there 

can be no way of knowing the homogeneity of the evolved bacterial populations, however 

though this would undoubtedly be an interesting addition, the conserved mechanisms of 

resistance between replicates makes this less important to the conclusions drawn. 

Despite the limitations of in-vitro microbiology, standardisable conditions and easy 

reproducibility keep it as an attractive method for studying bacteria. However, through the 

advancement of NGS sequencing systems, the study of the total bacterial population has 

become possible. By assessing the effect of waste-water treatment effluent on the resistome of 

bacterial populations of arg10-teixobactin or vancomycin it was possible to make an initial 

assessment of the pre-existing resistome. This culture-independent approach was not able to 

determine the extent of resistance associated with specific strains, or even if survival was a 

result of ‘hitch-hiking’ off the resistance of other species. However, outside of a clinical setting, 

does the level of resistance matter or is it the act of persistence that is of greater significance. 

A vital consideration is that the amplification of 16s rRNA is non-selective for living/dead cells, 

making it possible that some of the identified species did not survive the treatment, but the 

genetic material remained. This is mitigated by the significant difference between untreated 

controls and antibiotic exposed samples, minimising the impact of this variable. 

Though the results from this assessment of the environmental resistome are interesting, this 

experiment best serves as an initial assessment that can form the basis for future studies of 

greater breadth. For this work to have its maximum impact, repetition at numerous waste-water 

treatment sites would be advantageous. Furthermore, the assessment of key ARGs through 

qPCR could further clarify the mechanisms through which survival is achieved  

The results detailed in this work highlight the potential for teixobactin to fulfil a vital role in the 

future of disease control. Though significant progress has been made in understanding the 

structure/activity relationship of teixobactin family compounds, and several analogues with 

potent in-vitro and in-vivo activity have been identified, there are still numerous barriers prior 

to successful clinical introduction. Though teixobactin analogues with activity comparable to 

native teixobactin have been identified, questions around the spectrum of activity and 

overlapping resistance remains. Prior to the widespread introduction of teixobactin in a clinical 

environment, the potential for a family of teixobactin compounds, tailored to treat specific 

infections, reduce the rate of resistance development and resistance persistence, should be 

considered. 
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Prior to the widespread introduction of either a teixobactin or moenomycin family compound 

though is the hurdle of gaining clinical approval. For this to happen there requires significantly 

more in-vitro and in-vivo testing, until enough preliminary evidence has been accumulated to 

attract funding for stage 1 clinical trials. Beginning the process of fully evaluating the safety and 

efficacy of human usage, before clinical introduction. 

When considering future antibiotic stewardship efforts, particularly of newly introduced 

antibiotics, it will be vital that the interconnected web of ecosystems is considered. Requiring 

focus on the interactions between the antibiotics used in, and resistance generated by, waste-

water treatment, agriculture and clinical environments. The overlapping treatments used in 

each of these environments results in the free acquisition and spread of resistance mechanisms 

between each other. The result is multiple environments co-selecting for the proliferation of 

resistance genes, and hence a reduction in the ability to control infectious disease. As such, to 

ensure the ongoing availability of active antimicrobial agents any novel antibiotics or biocidal 

agents must be evaluated for their propensity to develop, retain and spread resistance in a range 

of bacterial species. 

The production of accurate resistance profiles for novel antibiotics could also lead to the 

separation of antibiotics used in an agricultural and clinical setting. Though attempts have been 

made to reduce the prophylactic application of antibiotics in agriculture, without significant 

reform to global husbandry practices, antibiotics will remain crucial to the global food chain. 

However, it may be that, through a collective shift in behaviour and the treatments used, there 

is a viable model to sustain antibiotics for future generations. For example, though this work has 

highlighted the potential for resistance to develop against moenomycin A in-vitro, during the 

decades of use as a growth promoter there has never been an isolated environmental strain 

with acquired moenomycin A resistance. Of course, the cross resistance of moenomycin A 

demonstrated in this work highlight the potential pitfalls, even if the antibiotics used were to 

diverge, demonstrating the crucial nature of vigilant surveillance of the evolving bacterial 

resistome. 

Overall, it is my hope that the findings detailed in this work will contribute to future 

advancements, not only in the development of teixobactin, moenomycin and microbial 

biochemistry but also to provide a template for future development pipelines of antibiotics at 

the pre-clinical stage. 
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Appendices 
Teixobactin analogue MIC values 
Table 30 The exact MIC values of teixobactin analogues modified at position 10, tested against MRSA 33591 

Compound MIC / µg/mL 

Ala10-teixobactin 2 

D-ala10-teixobactin 42.66 

Ile10-teixobactin 0.4166 

Leu10-teixobactin 0.4166 

Gly10-teixobactin 2 

Ser10-teixobactin 10.66 

Val10-teixobactin 0.66 

Phe10-teixobactin 2 

Glu10-teixobactin 128 

Lys10-teixobactin 0.25 

Arg10-teixobactin 2 

Teixobactin 0.25 

 

S-1 List of total mutations 
Table 31 A list of all detected polymorphisms across all six replicate strains with evolved resistance to arg10-teixobactin. 

Product Gene Location Reference Alternate SNP effect Strains 

Phosphatidylglycerol 
lysyltransferase 

mprF 01285 C A missense_variant 
c.2476C>A 
p.Leu826Ile 

1, 2, 3, 4 

SrrA regulatory 
repressor protein 

srrA 01415 C T missense_variant 
c.683G>A 
p.Gly228Glu 

1, 2, 3, 4 

KDP operon 
transcriptional 
regulatory protein 
KdpE 

kdpE 02037 C A missense_variant 
c.561G>T 
p.Lys187Asn 

1, 2, 3, 4 

DNA gyrase A gyrA 02622 C A synonymous_variant 
c.1965C>A 
p.Arg655Arg 

1, 2, 3, 4 

Glutamine 
Methyltransferase 

prmC 02001 C T stop_gained 
c.313C>T p.Gln105* 

1, 2, 4 

Protein dltD dltD 00857 A C missense_variant 
c.386A>C 
p.Gln129Pro 

1, 2 

hypothetical protein  01693 G A synonymous_variant 
c.762G>A 
p.Pro254Pro 

1, 2, 4 

hypothetical protein  01693 A G missense_variant 
c.106A>G 
p.Asn36Asp 

1,4  

hypothetical protein  01693 G T missense_variant 
c.524G>T 
p.Arg175Ile 

1, 4 

hypothetical protein  01693 A ACTGAT frameshift_variant 
c.633_637dupTGAT
C p.His213fs 

1, 4 

hypothetical protein  01693 T A synonymous_variant 
c.777T>A 
p.Thr259Thr 

1, 4 

hypothetical protein  01693 T C synonymous_variant 
c.783T>C p.Ile261Ile 

1, 4 

hypothetical protein  01693 T A missense_variant 
c.139T>A 
p.Phe47Ile 

2, 6 

hypothetical protein  01693 T C synonymous_variant 
c.186T>C p.Ile62Ile 

2, 6 
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hypothetical protein  01693 C T synonymous_variant 
c.192C>T 
p.Phe64Phe 

2, 6 

hypothetical protein  01693 CTTATT 

GATAAT 

AATTCA 

ATTT 

C conservative_infram
e_deletion 
c.226_246delAATA
ATTCAATTTTTATT
GAT 
p.Asn76_Asp82del 

2, 6 

hypothetical protein  01693 A G synonymous_variant 
c.276A>G 
p.Arg92Arg 

2, 6 

hypothetical protein  01693 A G missense_variant 
c.461A>G 
p.Asp154Gly 

2, 6 

hypothetical protein  01693 TGTG AGTA missense_variant 
c.490_493delTGTGi
nsAGTA 
p.CysAla164SerThr 

2, 6 

hypothetical protein  01693 AGAACT

G 

GAACTA frameshift_variant&
missense_variant 
c.523_529delAGAA
CTGinsGAACTA 
p.Arg175fs 

2, 6 

hypothetical protein  01693 G T missense_variant 
c.549G>T 
p.Lys183Asn 

2, 6 

hypothetical protein  01693 T C synonymous_variant 
c.621T>C 
p.Ser207Ser 

2, 6 

hypothetical protein  01693 G A synonymous_variant 
c.762G>A 
p.Pro254Pro 

2, 6 

hypothetical protein  01694 A G missense_variant 
c.86A>G 
p.Asp29Gly 

1 

hypothetical protein  01694 G A missense_variant 
c.127G>A 
p.Asp43Asn 

1 

hypothetical protein  01694 C T synonymous_variant 
c.228C>T 
p.Cys76Cys 

1 

hypothetical protein  01694 G T missense_variant 
c.241G>T 
p.Ala81Ser 

1 

hypothetical protein  01694 GCAA ACAT missense_variant 
c.255_258delGCAAi
nsACAT p.Gln86His 

1 

hypothetical protein  01694 A G synonymous_variant 
c.279A>G 
p.Ser93Ser 

1 

hypothetical protein  01694 A G missense_variant 
c.86A>G 
p.Asp29Gly 

6 

hypothetical protein  01694 G A missense_variant 
c.127G>A 
p.Asp43Asn 

6 

hypothetical protein  01694 C T synonymous_variant 
c.228C>T 
p.Cys76Cys 

6 

hypothetical protein  01694 G T missense_variant 
c.241G>T 
p.Ala81Ser 

6 

hypothetical protein  01694 GCAA ACAT missense_variant 
c.255_258delGCAAi
nsACAT p.Gln86His 

6 

hypothetical protein  01694 A G synonymous_variant 
c.279A>G 
p.Ser93Ser 

6 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 C T synonymous_variant 
c.3651C>T 
p.Asp1217Asp 

4 
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cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 A G synonymous_variant 
c.3672A>G 
p.Ser1224Ser 

4 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 C T synonymous_variant 
c.3732C>T 
p.Ser1244Ser 

4 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 G A synonymous_variant 
c.3738G>A 
p.Ser1246Ser 

4 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 TAGTGAT CAGCGA
C 

synonymous_variant 
c.3765_3771delTAG
TGATinsCAGCGAC 
p.1258 

4 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrD 00547 T C synonymous_variant 
c.3783T>C 
p.Asp1261Asp 

4 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrE 00548 C T synonymous_variant 
c.2895C>T 
p.Asp965Asp 

6 

cell wall-anchored 
adhesion  (Serine-
aspartate repeat)  

sdrE 00548 C T synonymous_variant 
c.2901C>T 
p.Asp967Asp 

6 

cell wall-anchored 
adhesins, 

sdrE 00548 T C synonymous_variant 
c.2907T>C 
p.Asp969Asp 

6 

cell wall-anchored 
adhesins, 

sdrE 00548 G A synonymous_variant 
c.2928G>A 
p.Ser976Ser 

6 

cell wall-anchored 
adhesins, 

sdrE 00548 T C synonymous_variant 
c.2967T>C 
p.Asp989Asp 

6 

cell wall-anchored 
adhesins, 

sdrE 00548 CGAC TGAT synonymous_variant 
c.3060_3063delCG
ACinsTGAT p.1022 

6 

cell wall-anchored 
adhesins, 

sdrE 00548 G A synonymous_variant 
c.3084G>A 
p.Ser1028Ser 

6 

cell wall-anchored 
adhesins, 

clfA 00782 C T synonymous_variant 
c.2280C>T 
p.Asp760Asp 

6 

Putative 
peptidoglycan 
glycosyltransferase 

ftsW 01033 G A missense_variant 
c.778G>A 
p.Ala260Thr 

6 

Extracellular matrix-
binding protein 

ebh_1 01359 A T missense_variant 
c.20006T>A 
p.Val6669Glu 

6 

Isocitrate 
dehydrogenase 

icd 01603 C G missense_variant 
c.949G>C 
p.Ala317Pro 

6 

Tyrosine-protein 
kinase YwqD 

ywqD_
1 92459 

G 
A 

missense_variant 
c.235G>A 
p.Asp79Asn 

5 

hypothetical protein  106990 
A 

G 

missense_variant 
c.106A>G 
p.Asn36Asp 

5 

hypothetical protein  107408 
G 

T 

missense_variant 
c.524G>T 
p.Arg175Ile 

5 

hypothetical protein  107515 
A 

ACTGAT 

frameshift_variant 
c.633_637dupTGAT
C p.His213fs 

5 

Protoporphyrinogen 
oxidase hemY 29534 

T 
C 

start_lost c.2T>C 
p.Val1 

5 

hypothetical protein  29165 

CTTTGAA

ATGTCAA

ATATACA

ATCTTTA

TTTGTTT

TCGTATT 
C 

disruptive_inframe_
deletion 
c.174_227delAATAT
CTATATTAAATACG
AAAACAAATAAAG
ATTGTATATTTGAC
ATTTCAAA 
p.Ile59_Lys76del 

5 
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Table 32 A list of all detected polymorphisms across all six replicate strains with evolved resistance to moenomycin A 

Product Gene Location Reference Alternate SNP effect Strains 

Pur operon 
repressor 

purR 00438 AT A frameshift_variant 
c.460delA p.Ile154fs 

1, 2, 3, 4, 
5, 6 

Pur operon 
repressor 

purR 00438 CA C intergenic_region 
n.25448delA  

1, 2, 3, 4, 
5, 6 

Penicillin-binding 
protein 1A/1B 

ponA 01374 A T missense_variant 
c.212A>T 
p.Asp71Val 

1, 2, 3, 4, 
6 

Penicillin-binding 
protein 1A/1B 

ponA 01374 T C missense_variant 
c.586T>C 
p.Tyr196His 

1, 2, 3, 4, 
5, 6 

Penicillin-binding 
protein 1A/1B 

ponA 01374 C A missense_variant 
c.701C>A 
p.Pro234Gln 

1, 2, 3, 4, 
5, 6 

Bifunctional 
autolysin 

atl_2 01671 A G missense_variant 
c.400T>C 
p.Phe134Leu 

1, 2, 3, 4, 
5, 6 

hypothetical protein  01693 T A missense_variant 
c.139T>A 
p.Phe47Ile 

1, 2, 5, 6 

hypothetical protein  01693 T C synonymous_variant 
c.186T>C p.Ile62Ile 

1, 2, 5, 6 

hypothetical protein  01693 C T synonymous_variant 
c.192C>T 
p.Phe64Phe 

1, 2, 5, 6 

hypothetical protein  01693 CTTATT 

GATAAT 

AATTCAA
TTT 

C conservative_infram
e_deletion 
c.226_246delAATA
ATTCAATTTTTATT
GAT 
p.Asn76_Asp82del 

1, 2, 5, 6 

hypothetical protein  01693 A G synonymous_variant 
c.276A>G 
p.Arg92Arg 

1, 2, 5, 6 

hypothetical protein  01693 A G missense_variant 
c.461A>G 
p.Asp154Gly 

1, 2, 5 

hypothetical protein  01693 TGTG AGTA missense_variant 
c.490_493delTGTGi
nsAGTA 
p.CysAla164SerThr 

1, 2, 5 

hypothetical protein  01693 AGAACT

G 

GAACTA frameshift_variant&
missense_variant 
c.523_529delAGAA
CTGinsGAACTA 
p.Arg175fs 

1, 2, 5 

hypothetical protein  01693 G T missense_variant 
c.549G>T 
p.Lys183Asn 

1, 2, 5 

hypothetical protein  01693 T C synonymous_variant 
c.621T>C 
p.Ser207Ser 

1, 2, 5 

hypothetical protein  01693 G A synonymous_variant 
c.762G>A 
p.Pro254Pro 

1, 2, 5 

hypothetical protein  01694 C T synonymous_variant 
c.228C>T 
p.Cys76Cys 

1, 2 

hypothetical protein  01694 G T missense_variant 
c.241G>T 
p.Ala81Ser 

1, 2 

hypothetical protein  01694 GCAA ACAT missense_variant 
c.255_258delGCAAi
nsACAT p.Gln86His 

1, 2 

hypothetical protein  01694 A G synonymous_variant 
c.279A>G 
p.Ser93Ser 

1, 2 

Lysostaphin 
resistance protein A 

LyrA 02220 G T missense_variant 
c.320G>T 
p.Ser107Ile 

3, 4 

hypothetical protein  00702 G A missense_variant 
c.143T>G p.Ile48Ser 

5 
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hypothetical protein  01682 C T missense_variant 
c.434G>A 
p.Ser145Asn 

2 

Stress response 
protein NhaX 

nhaX 01614 A T missense_variant 
c.10A>T p.Asn4Tyr 

5 

hypothetical protein  01671 C T missense_variant 
c.434G>A 
p.Ser145Asn 

4 

hypothetical protein  01716 A G synonymous_variant 
c.861T>C p.Ile287Ile 

5 

hypothetical protein  01693 T C synonymous_variant 
c.783T>C p.Ile261Ile 

2 

hypothetical protein  01694 C T synonymous_variant 
c.6C>T p.Ala2Ala 

3 

Staphylococcal 
secretory antigen 
ssaA2 

ssaA2
_2 

02184 GCAATG

CAAGT 

G frameshift_variant 
c.564_573delCAAT
GCAAGT 
p.Asn189fs 

2 

Clumping factor B  02529 ATCT GTCC synonymous_variant 
c.1908_1911delAGA
TinsGGAC p.638 

5 

Clumping factor B  02529 A G synonymous_variant 
c.1902T>C 
p.Ser634Ser 

5 

Protein McrC mcrC 00021 T A missense_variant 
c.1013T>A 
p.Ile338Lys 

5 

hypothetical protein  00469 C G synonymous_variant 
c.51G>C p.Ala17Ala 

6 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 G A synonymous_variant 
c.2310G>A 
p.Ser770Ser 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 A G synonymous_variant 
c.2328A>G 
p.Ser776Ser 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 T C synonymous_variant 
c.2349T>C 
p.Asp783Asp 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 C T synonymous_variant 
c.2421C>T 
p.Asp807Asp 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 T C synonymous_variant 
c.2448T>C 
p.Ser816Ser 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 TTCAGAC CTCGGA
T 

synonymous_variant 
c.2457_2463delTTC
AGACinsCTCGGAT 
p.822 

5 

Serine-aspartate 
repeat-containing 
protein I 

sdrI 00546 C T synonymous_variant 
c.2493C>T 
p.Asp831Asp 

5 

Serine-aspartate 
repeat-containing 
protein D 

sdrD 00547 TTCAGAC CTCTGAT synonymous_variant 
c.3561_3567delTTC
AGACinsCTCTGAT 
p.1190 

5 

Serine-aspartate 
repeat-containing 
protein E 

sdrE 00548 C T synonymous_variant 
c.3171C>T 
p.Asp1057Asp 

5 

Serine-aspartate 
repeat-containing 
protein E 

sdrE 00548 C T synonymous_variant 
c.3177C>T 
p.Asp1059Asp 

5 

Serine-aspartate 
repeat-containing 
protein E 

sdrE 00548 TGATTCA

GAT 

AGAC missense_variant&c
onservative_inframe
_deletion 
c.3186_3195delTGA
TTCAGATinsAGAC 
p.Ser1062_Ser1064
delinsArg 

5 

Serine-aspartate 
repeat-containing 
protein E 

sdrE 00548 CAGCGA

C 

TAGTGAT synonymous_variant 
c.3201_3207delCA
GCGACinsTAGTGA
T p.1070 

5 
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Serine-aspartate 
repeat-containing 
protein E 

sdrE 00548 G A synonymous_variant 
c.3234G>A 
p.Ser1078Ser 

5 
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S-2 Discussion of individual mutations 

Genes with mutations unique to moenomycin A resistant strains 

PurR 

The mutation I154fs in the Pur operon repressor protein was consistently present in all 6 evolved 

strains (MoeA 1-6). It was identified as a frame shift mutation, resulting in a truncated purR 

repressor protein. The truncation results in loss of the PRPP, 5-phosphoribosyl 1-pyrophosphate 

binding site. A deletion in this binding region has been shown to abolish repression of transcription 

of the Pur operon (Weng et al., 1995).  The Pur operon encodes genes involved in purine synthesis, 

specifically inosine monophosphate, a precursor compound related to AMP2 and DNA production. 

This mutation is consistent with other PurR mutations which have been previously implicated in 

vancomycin resistance development (Sarkar et al., 2017).  

Pbp2 

A suite of point mutations were discovered in penicillin-binding protein 2 (pbp20 (D71V, Y196H and 

P234Q). These were all present in all 6 evolved strains except for strain 5 which lacked the D71V 

mutation.  Pbp2 catalyses the formation of the carbohydrate linkage in peptidoglycan and the 

glycosyltransferase domain is inhibited by moenomycin A (Derouaux et al., 2013).  When mapped 

onto the PBP2 structure (2OLU5) the D71V mutation was found to be remote from the active site 

(Fig S-51 panel B, green) is likely that this mutation disrupts the hydrogen bonding made between 

Asp 71 and His 94. It is likely that the D71V mutation results in a conformational change with 

possible implication on substrate binding.  The Y196H and P234Q mutations were found to be within 

the substrate binding pocket of the enzyme and be within bonding distance of moenomycin A (Fig 1 

panels C and D, cyan and magenta). These mutations are consistent with the findings of Rebets et al 

(Rebets et al., 2014), who used phage mediated mutagenesis to induce moenomycin A resistance. 

There two of the same locations with mutations were reported, but with a differing residue at 

position 196 (Y>D as opposed to this study that obtained Y>H. The P234Q was the same in both 

studies. Rebets et al showed a 5-fold increase in the minimum inhibitory concentrations (MICs), from 

0.5 μg mL−1 to 12.5 μg mL−1. Much higher rates of resistance were observed in this study in strains 

harbouring all six mutation from 0.125 μg mL−1 to 128 μg mL−1. 
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S-figure 51 The location and bonding interactions of residue within PBP2 that when mutated give rise to moenomycin A 
resistance. Panel A. The locations for the resistance mutations in PBP2, D71V (green), Y196H (cyan) and P234Q (magenta) 
in relation to Moenomycin A (red ball and stick) the surface of PBP2 shown in wheat.  (PDB code 2OLU (Lovering et al., 
2007)) 98%(91%) by BLAST. Panel B. PBP2 showing secondary structure in cartoon, the hydrogen bonding interaction 
between Asp71 (green) and His94 (yellow). It is likely be abolished by the D71V mutation. Panel C. PBP2 showing secondary 
structure in cartoon, the electrostatic interaction between OH group of Tyr196 (cyan) and the CCM/1000 atom of (red ball 
and stick) is likely to be abolished by the Y196H mutation. Panel D. PBP2 showing secondary structure in cartoon, the 
hydrogen bonding interaction between the nitrogen of Pro234 (magenta) and OCG /1000 atom of Moenomycin A. It is likely 
the bonding will be abolished by the P234Q mutation. The figure was drawn using PYMOL and  (PDB code :2OLU (Lovering 
et al., 2007)) which show a high sequence identity to the Mutant PBP2 evolved in this study (98% (91% coverage) by BLAST 
https://blast.ncbi.nlm.nih.gov/Blast.cgi), all distances are shown in angstrom (dashed yellow lines). 

 

LytD 

The bifunctional autolysin lytD is a family 73 (http://www.cazy.org/GH73.html) muramidases which 

modulates peptidoglycan by the hydrolyses β-1,4-glycosidic linkage between N-acetylglucosaminyl 

(NAG) and N-acetylmuramyl (NAM) moieties during cell grown and division.  lytD shares a 37% 

identity (67% coverage) with another staphylococcal autolysin S. aureus autolysin E (atlE) (Mihelič et 

al., 2017).  The N-terminal portion consists of a transmembrane helix and the catalytic domain is 

predicted to be outside the cell membrane TMHMM (http://www.cbs.dtu.dk/services/TMHMM/). 

Using Clustal Omega alignments and the atlE structural homologue, it is possible to predict the 

F134L mutation lies within the Α 6 helix part of the L-domain.  It is unclear how the F134L mutation 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.cazy.org/GH73.html
http://www.cbs.dtu.dk/services/TMHMM/
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may confers moenomycin A resistance, however it is tempting to speculate that F134 may mediate a 

hitherto undescribed interaction.  

 

LyrA 

Two of the moenomycin A resistant strains (strains 3 and 4) have acquired a S107I mutation in the 

Lysostaphin resistance protein A hypothetical protein (lyrA). Lysostaphin endopeptidase which cuts 

the Gly-Gly bond of peptidoglycan of certain Staphylococci.  LyrA is an intramembrane 

metalloprotease which has been shown to confer resistance to Lysostaphin (Kusuma et al., 2007).  It 

is unclear how alteration would lead to moenomycin A resistance, with little known about this 

enzyme, including the lack of solved protein structure.   

Genes with mutations unique to arg10-teixobactin resistant strains 

MprF Phosphatidylglycerol lysyltransferase 

The L826I mutation was found to be present in a Phosphatidylglycerol lysyltransferase Lys-tRNALys–

dependent lysyl-phosphatidylglycerol synthase (L-PGS) in arg10-teixobactin resistant strains 1,2,3 

and 4. This is an enzyme involved in Lipid homeostasis and has been shown to modify the polar head 

group of phosphatidylglycerol into the respective aminoacyl-ester of phosphatidylglycerol.  Its 

activity has been previously identified as a widely used strategy to mediate bacterial resistance 

(Hebecker et al., 2015). This enables bacteria to tolerate cationic peptides that are harmful to the 

integrity of the cell membrane and have been associated with resistance to several cationic 

antimicrobial peptides. L-PGS consists of an N-terminal transmembrane-flippase domain and a C-

terminal catalytic domain. Pfam, Blast and Clustal Omega alignment 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) revealed a high degree of homology to the C-terminal 

catalytic domain and the deposited structure derived from B.licheniformis (Hebecker et al., 2015) 

(47% identify by blast). Analysis of this structure 4V36 pdf showed that the corresponding residue in 

B. licheniformis sequence (L844), was situated away from the ligand binding site in a helix near to 

the C-terminal end of the protein. It is unclear what effect and the L826I mutation might have on the 

activity of the enzyme, but it is possible that an alteration to the polar head group 

phosphatidylglycerol, may make the membrane less permeable to arg10-teixobactin and so provide a 

degree of resistance, by exclusion from its target. 

Icd 

Arg10-teixobactin strain 6 contains an A317P mutation in isocitrate dehydrogenase, this enzyme that 

catalyses the oxidative decarboxylation of isocitrate to yield α-ketoglutarate and CO2 with 

concomitant reduction of NADP+ to NADPH Icd (Singh et al., 2001) plays a critical role the TCA cycle. 

The mechanism through which this may convey resistance to cell wall antimicrobials is unclear, and 

it may simply be that this is simply to offset the fitness costs of resistance. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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SrrA 

A G228E mis-sense mutation in the srrA regulatory repressor protein. Mutations were found to be 

present in arg10-teixobactin resistant strains 1,2,3 and 4. SrrAB belongs to the OmpR/PhoB family of 

repressor proteins. The role of srrA/B has been attributed to the regulation of energy transduction in 

response to changes in oxygen availability and has been linked to virulence alterations under 

microaerobic conditions (Pragman et al., 2007). Pfam, Blast and clustal omega alignment 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) revealed a degree of homology to the C-terminal 

catalytic domain of the deposited structure derived from Mycobacterium tuberculosis, REGX3 with a 

38% identity and 96% coverage (PDB code 20QR (King-Scott et al., 2007)). This mutation is found 

within a conserved GYK motif close to the C-terminal effector domain, which is usually involved in 

DNA-binding. 

KdpE 

A K187N miss-sense mutation in the Kdp transcriptional regulatory protein kdpE was found to be 

present in arg10-teixobactin resistant strains 1,2,3 and 4. This forms part of the two-component 

system (TCS) kdpD/kdpE, extensively studied for its regulatory role in potassium (K+) transport, has 

more recently been identified as an adaptive regulator involved in the virulence and intracellular 

survival of pathogenic bacteria.  KdpE regulates many downstream genes including virulence factors 

by directly binding to their promotor (Freeman et al., 2013). Pfam, Blast and clustal omega 

alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/) revealed a degree of homology (40% and 

96% coverage) to KdpEB domain of the E.coli KdpE protein (PDB code 4KNY (Narayanan et al., 

2014)), a member of the OmpR/PhoB family.   The mutation occurs in a none conserved region of 

the KdpEB domain, just outside the highly conserved DNA binding region. It appears to be situated 

such that it may in-part alter the coordination of a binding helix (E189 to R102 (4KNY numbering)) 

which interacts with one of the major grooves of DNA. Thus, this may affect DNA binding and 

regulation of the gene, changing the expression profiles of downstream virulence factors. Though 

the role that this has in antimicrobial resistance is unclear, it may have implications in a clinical 

setting. 

FtsW  

FtsW is a is a core member of the divisome complex and is essential for septal wall assembly cell wall 

separation (Egan & Vollmer, 2013; Otten et al., 2018; Taguchi et al., 2019). FtsW is a peptidoglycan 

polymerase that is functional only in complex with its cognate penicillin-binding protein (Taguchi et 

al., 2019) .  It has been shown that FtsW interacts with PBP1b and lipid II. That PBP1b, FtsW and 

PBP3 co-purify suggests that they form a trimeric complex.  We have identified a mutation within 

FtsW in one of the 6 parallel arg10-teixobactin evolved stains (strain 6). Using sequence alignments 

and the analogous rodA structure of Thermus thermos (pdb code BAR_6) (Sjodt et al., 2018). We can 
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predict the A260Q mutation lies in a highly conserved extra-cytoplasmic region, falling between 

trans-membrane helix 7 and trans membrane helix 8. Teixobactin has been shown to be a potent 

lipid II and lipid III binder (Ling et al., 2015). As such we speculate that lipid II, when bound to 

teixobactin, may interfere with the formation of the divisome complex. Further, that the mutation 

may lead to the exclusion of the ‘lipid II-teixobactin’ complex.  

GyrA 

DNA gyrase (Type IIA topoisomerase) is a DNA modulating enzyme that cuts both strands of the DNA 

helix simultaneously in order to manage DNA tangles and supercoils (Bax et al., 2010). The 

synonymous R655R mutation was present in trains arg10-teixobactin resistant strains 1, 2, 3 and 4. 

This codon usage went from 3.1% to 4.8% indicating a possible up regulation in the expression of this 

DNA replication regulation enzyme (Zhou et al., 2016). 

PrmC 

Arg10-teixobactin strains 1, 2 and 4. Truncation of the protein due to the inclusion of a stop codon 

Q105stop. (n5)-glutamine Methyltransferase Protein glutamine Posttranslational methylation of 

release factors on the glutamine residue of a conserved GGQ motif is required for efficient 

termination of protein synthesis methylation at GGQ sites of protein chain release factors plays a 

pivotal role in the termination of translation  (Yang et al., 2004). This mutation only allows the 

expression of the N-terminal putative substrate binding domain. 

DltD 

Teichoic acids are bacterial cell wall compounds which are important for growth, biofilm formation, 

adhesion and virulence of S. aureus. DltD is a D-alanyl-lipoteichoic acid synthetase which anchors 

outside of the cell wall (Reichmann et al., 2013).  It catalyses the final transfer of the d-alanine to 

lipoteichoic acid. Interestingly strains of S. aureus which lack this d-alanine decoration show an 

increased susceptibility to cationic antimicrobial peptides. It had been proposed that the reduced D-

alanyl content of the cell wall results in an overall increase in negative cell surface charge, thus 

promoting attraction of the cationic antimicrobial peptides (Brown et al., 2013). Pfam, Blast and 

clustal omega alignment (https://www.ebi.ac.uk/Tools/msa/clustalo/) revealed that the dltD sequence showed a 

25% identity (80% identity) to the D-alanyl-lipoteichoic acid synthetase from Streptococcus 

pneumoniae R6 (PDB code D3BM).  According to mapping onto this structure the Q129P mutation, 

found in arg10-teixobactin resistant strains 1 and 2, is likely to be located on the surface to the 

protein within a cleft region. 
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The pre-existing resistome 
Table 33 The effect of sampling location and treatment on total bacterial populations: the difference in TPSP caused by 
sampling location, treatment condition and both combined was assessed through two-way PERMANOVA 

 Number of taxa Types of taxa Abundances of taxa 

D. Effect of the sampling 

location 

KW chi-squared = 

3.8567 

P = 5x10-2 * 

R2 = 0.13479 

P =1x10-6 *** 

R2 = 0.14897 

P = 1x10-6 *** 

E. Effect of the treatment 
KW chi-squared = 1.508 

P = 5x10-1 

R2 = 0.04666 

P = 5x10-2 * 

R2 = 0.06453 

P = 1x10-2 * 

F. Effect of the sampling 

location and treatment 

KW chi-squared = 

9.4674 

P = 9x10-2 

R2 = 0.14046 

P = 1x10-6 *** 

R2 = 0.16128 

P = 1x10-6 *** 

 

 

 

Figure 52 PCA plots displaying the separation effect of sample location and treatment on total species composition and 

species abundance. The number indicates sample location (1=clean, 2= effluent-exposed) and the letter the antibiotic 

treatment applied (C=no antibiotic, T=arg10-teixobactin, V=vancomycin) 
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Figure 53 Class level community composition at each sampling location. The first number indicates sample location 
(1=clean, 2= effluent-exposed) and the second number indicates the sample replicate number. 

 

Figure 54 PCA plots displaying the separation effect of sample location and treatment on TPSP species composition and 
species abundance. The number indicates sample location (1=clean, 2= effluent-exposed) and the letter the antibiotic 
treatment applied (C=no antibiotic, T=arg10-teixobactin, V=vancomycin) 

1.1 1.2 1.3 1.4 1.5 1.6 2.1 2.2 2.3 2.4 2.5 2.6

others

Thermomicrobia

Gitt‐GS‐136

Clostridia

S085

Bacilli

MB‐A2‐108

Ellin6529

Actinobacteria

Acidimicrobiia

Thermoleophilia



 
 

 

 

Figure 55 A summary of indicator AMR genes generated from functional prediction of sequenced antibiotic free communities. K values link to KEGG orthology entries 
https://www.genome.jp/kegg/kegg2.html  
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