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Abstract 

Fungal diseases are estimated to cause over 1.6 million deaths annually and over one billion 

people suffer from fungal diseases. Currently, there are limited antifungal drugs approved for 

use in humans and the emergence of antifungal resistance is endangering the already limited 

treatments options. The development of novel antifungal compounds may help overcome the 

problem of growing antifungal resistance. Recently, there has been increased interest in 

antifungal peptides (AFPs) as a promising approach for discovery and development of novel 

antifungal agents. However, prior to clinical use there needs to be an understanding of how 

resistance may develop towards these antifungal peptides. This thesis describes the 

development and mechanisms of fungal resistance towards a selection of AFPs and compares 

them to resistance to clinical antifungal drugs. The prototypic plant defensin NaD1, aprotinin, 

also known as BPTI, and the clinical antifungal caspofungin were serial passaged with the 

model fungus Saccharomyces cerevisiae at sub-lethal concentrations of each of the molecules. 

The yeast strain did develop tolerance to NaD1, but it occurred more slowly than resistance to 

BPTI and caspofungin. Resistance to NaD1 developed via an accumulation of single nucleotide 

mutations and had a fitness penalty associated with it. Full genome sequencing of resistant lines 

revealed that resistance to BPTI resulted from deleterious mutations in either the ptk2 or sky1 

genes. Resistance to AFPs was investigated further using the human pathogen Candida 

albicans. C. albicans was serially passaged in the presence of NaD1 and the human cathelicidin 

LL-37, as well as the clinical small molecule antifungal, itraconazole. Resistance to NaD1 and 

LL-37 developed more slowly and to a lower fold-MIC compared to itraconazole. Unlike 

resistance to itraconazole, no “hot-spot” mutations were identified in any of the NaD1 or LL-

37-resistant strains. Overall, these data indicate that it is more difficult to generate resistance 

to antimicrobial peptides compared to small molecule antifungals and therefore their clinical 

application should be investigated further. 
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Chapter One 
 

1. Review of literature 
 

________________________________________________________________________ 

 

The findings of this chapter have been drafted as a manuscript for publication. 

The manuscript can be found in the Appendix section of this thesis. 

 

McColl AI, Bleackley MR, Parisi K, Anderson MA, (2020) The Mechanisms of Resistance to 

Antifungal Peptides. 

 

Kathy Parisi conceptualised and drafted part of section 1.4.3. Screening of deletion libraries 

for resistance. 

________________________________________________________________________ 

 

1.1 The development of resistance to clinical antifungals 
 

Fungal diseases are estimated to cause over 1.6 million deaths annually and over one billion 

people globally suffer from fungal diseases (Fisher et al., 2020). However, most estimates of 

the incidence of fungal disease are conservative because public health surveillance of these 

diseases is generally not compulsory (Casadevall., 2017). Fungal diseases are also a major 

threat to food security because damage to crop plants causes major losses in yield and food 

quality (Avery et al., 2019; Fisher et al., 2012; Fones et al., 2020). Today, crop-destroying 

fungi account for perennial yield losses of ~20% worldwide, with a further 10% loss 

postharvest (Fisher et al., 2020).  

Currently, only a limited number of antifungal drugs have been approved for use in humans 

(Pianalto & Alspaugh, 2016). These antifungals are generally grouped into five classes based 
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on their site of action (Fuentefria et al., 2018). They are the polyenes, which interact with 

fungal membrane sterols; echinochandins, which affect the cell wall by inhibiting (1,3)-β-D-

glucan synthases (Chen & Sorrell, 2007); pyrimidine analogues such as flucytosine; and the 

azoles and allylamines which inhibit ergosterol synthesis (the main fungal 

sterol).  Unfortunately, new species of multidrug-resistant pathogenic fungi are emerging and 

are of great concern in the clinical setting (Fisher et al., 2018). Resistance evolves via natural 

selection through random mutation, or by application of an evolutionary stress on a population 

(Revie et al., 2018). Pathogens that acquire a beneficial mutation that allows them to survive 

the stress will live on to reproduce, whereas the bulk of the population will have their growth 

retarded or will be killed. The organisms with the beneficial mutation then pass this trait to 

their offspring generating a fully resistant population. A pathogen with a range of resistance 

genes conferring resistance to more than one drug, is called multi-drug resistant or, informally, 

a superbug. Examples of this are clinical isolates of Candida auris which have acquired 

resistance to all the major classes of antifungals and isolates of Aspergillus fumigatus which 

are resistant to all primary azole treatments (Perlin et al., 2017; Pinto et al., 2018). Factors 

contributing towards the development of resistance include incorrect diagnosis, unnecessary 

prescriptions, and improper use by patients (e.g., when dosages are too low and do not lead to 

rapid killing, or when treatment courses are not long enough or used for long periods 

prophylactically) (Pea & Lewis., 2018). The use of fungicides in agriculture for prevention and 

treatment of fungal diseases in crops can also contribute to resistance in people exposed to 

those fungicides (Berger et al., 2017). Most human pathogens also have environmental niches, 

implying that the agricultural use of fungicides with similarities to medically approved drugs 

impose the concrete risk of fostering drug resistance via environmental exposure imparting 

selective pressures that benefit resistant strains (Berger et al., 2017; Wiederhold, 2017). 

Emergence of antifungal resistance can endanger the already limited treatments options, with 
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calamitous effects for treatment outcomes (Perlin et al., 2017). New antifungal compounds 

with different mechanisms of action are needed to overcome the problem of growing antifungal 

resistance. Novel antifungal agents should have broad-spectrum activity, target specificity, low 

toxicity, a diverse mode of action and no antagonistic effects with other medications (Aoki & 

Ueda, 2013; Ciociola et al., 2016). Although new drugs may not fulfil all these criteria, these 

properties should be used as guidelines in drug discovery (Wang, 2014). Recently, there has 

been an increased interest in antimicrobial peptides as a promising approach for discovery and 

development of novel antifungal agents (Mookherjee et al., 2020). In this context, peptides 

have favourable properties, such as moderate immunogenicity as described below, strong 

antimicrobial activity, high specificity and affinity for targets, distinct mechanisms of action, 

good organ and tissue penetration and broad-spectrum activity (Aoki & Ueda., 2013; Ciociola 

et al., 2016). However, before a new antifungal agent is adopted, we need to understand how 

resistance may develop prior to clinical use. This will help in determining which peptides 

should be used in combination therapy with existing antifungal drugs and in prioritising 

development of antifungal peptides with a lower propensity for resistance.  

 

1.2 Mechanisms of Resistance to clinical fungicides 
 

Resistance to current antifungals can develop in multiple ways and is broadly characterised by 

the mechanism by which resistance occurs. These mechanisms include drug target alteration 

or overexpression, upregulation of multidrug transporters, and activation of stress responses 

(Table 1) (Cowen et al., 2014; Ghannoum & Rice, 1999; Mookherjee et al., 2020). 
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Table 1.1. Summary of mechanisms of resistance to small molecule drugs and species in which resistance has been identified.  

Mode of resistance  Antifungal class Detailed mechanism Isolates Reference 

Drug target alteration 

/overexpression 

Azoles (e.g. 

Itraconazole) 

Mutation in ERG11  

Gain of function mutation in 

UPC2 

Mutations in CYP51A 

 

Candida parapsilosis and C. 

tropicalis C. albicans, C. glabrata 

and more recently C. auris 

Cryptococcus species, and 

Aspergillus species  

(Arendrup & Patterson, 2017; 

Castanheira et al., 2020; 

Halliday et al., 2017; Heilmann 

et al., 2010; Marichal et al., 

1999; Revie et al., 2018; Zoran 

et al., 2018) 

Echinochandins 

(eg. Caspofungin) 

Mutation in FKS1 C. albicans, C. auris, and C. 

glabrata 

(Balashov et al., 2006; Chaabane 

et al., 2019) 

Polyenes Loss of function mutation in 

ERG genes 

Candida species, Fusarium species, 

Scedosporium apiospermum, and 

Sporothrix schenckii 

(Ellis, 2002; Hull et al., 2012; 

O'Shaughnessy et al., 2009)  

Efflux pump 

overexpression 

Azoles Overexpression of CDR1, 

CDR2, Mdr-like pumps, 

MDR1–4, and ABC 

transporters AFR1 and ATRF 

C. albicans, C. neoformans, and A. 

fumigatus 

(Chen et al., 2010; Posteraro et 

al., 2003; Rosana et al., 2015; 

Slaven et al., 2002; Tsao et al., 

2009) 

Cellular stress 

response pathways 

Azoles Inhibition of Hsp90 and 

downstream signalling 

cascades 

Candida and Aspergillus species (Cowen et al., 2014; Cowen et 

al., 2009; Lamoth et al., 2015; 

Lamoth et al., 2013; Singh et al., 

2009; Vincent et al., 2013) 

Echinocandins 

Polyenes 
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1.2.1 Drug target alteration/overexpression 

The most common way for resistance to occur is through the alteration of a protein target 

site that the antifungals bind to (Hokken et al., 2019). When fungi grow, mutations in their 

genome can occur due to replication error. These mutations can alter the amino acid 

sequence of the target site, therefore changing its structure and reducing the likelihood of 

binding by a fungicide (Sierotzki et al., 2000). A common mechanism of azole resistance 

in C. albicans involves amino acid substitutions in the drug target, Erg11p, which leads to 

lower drug-binding affinity (Revie et al., 2018). Over 140 amino acid substitutions in Erg11 

have been associated with azole resistance, with the majority of these substitutions 

clustered into hot-spot regions (Arendrup & Patterson, 2017; Castanheira et al., 2020; 

Halliday et al., 2017; Marichal et al., 1999). Azole resistance has also been identified in 

Cryptococcus and Aspergillus species with mutations identified in the Lanosterol 14-α 

Sterol Demethylase Gene CYP51A (Zoran et al., 2018).  

Overexpression of ERG11 is also common in azole-resistant clinical isolates of C. 

albicans and A. fumigatus and contributes directly to increased target abundance, ultimately 

lowering drug susceptibility (Pinto et al., 2018; Robbins et al., 2017b). In C. albicans, the 

transcriptional activator, Upc2p, is a crucial regulator of many ergosterol biosynthesis 

genes, including ERG11. Gain-of-function mutations in UPC2 cause the constitutive 

overexpression of ergosterol biosynthesis genes, a higher ergosterol content and a reduction 

in fluconazole susceptibility (Heilmann et al., 2010).  

Resistance to polyenes such as amphotericin B is uncommon. However, in the rare 

incidence that it does occur, it is mediated by alterations in enzymes that reduce drug-

binding affinity or deplete ergosterol from the membrane (Ellis, 2002; O'Shaughnessy et 

al., 2009). In C. albicans, reduced amphotericin B susceptibility can occur through 

mutations in several ergosterol biosynthesis enzymes, including ERG2, ERG3, 

ERG5, and ERG11 (Ellis, 2002; O'Shaughnessy et al., 2009). Likewise, for C. glabrata, 
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mutations in ERG2, ERG6, and ERG11 have been documented in polyene-resistant clinical 

isolates (Hull et al., 2012). 

 Another less commonly used class of antifungal is flucytosine, which is a nucleoside 

analogue that inhibits nucleic acid synthesis. In all Candida species, flucytosine resistance 

has been linked to mutations in FUR1, a gene involved in 5-FC metabolism (Chaabane et 

al., 2019).  

Echinocandin resistance is primarily mediated by mutations in the FKS genes which encode 

the catalytic subunit of 1,3-β-glucan synthase, which is necessary for production of 1,3-β-

D-glucan, an essential component of all fungal cell walls. In C. albicans, mutations that 

confer echinocandin resistance occur at hot-spot regions in the essential gene, FKS1 

(Balashov et al., 2006). More recently, sequencing of 38 C. auris strains led to the 

discovery of an additional hot-spot mutation in FKS1 that leads to a S639F amino acid 

substitution   that is correlated with pan-echinocandin resistance (Chaabane et al., 2019). 

 

1.2.2 Upregulation of multidrug transporters 

Another prominent mechanism of resistance is drug efflux. The main class of efflux pumps 

implicated in azole drug resistance is the ATP-binding cassette (ABC) superfamily. ABC 

transporters possess two transmembrane-spanning domains and two cytoplasmic 

nucleotide-binding domains (NBDs) (Coleman & Mylonakis, 2009). The NBD drives the 

movement of substrates across the fungal membrane via ATP hydrolysis (Coleman & 

Mylonakis, 2009). In C. albicans, overexpression of two homologous ABC transporters, 

Cdr1p and Cdr2p, has been frequently implicated in azole resistance (Tsao et al., 2009). 

The second class of efflux pumps implicated in azole resistance is the major facilitator (MF) 

superfamily. Like the ABC superfamily, MF transporters also possess transmembrane-

spanning helices but use the proton gradient generated across the plasma membrane to drive 
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MF-mediated translocation (Coleman & Mylonakis, 2009). Fluconazole resistance has 

been linked to Mdr1 (multidrug resistance 1) overexpression (Rosana et al., 2015). In C. 

neoformans and A. fumigatus, the ABC transporters responsible for azole efflux are Afr1 

and AtrF, respectively (Posteraro et al., 2003; Slaven et al., 2002) 

 

1.2.3 Activation of stress responses 

The diverse and dynamic niches that fungal pathogens inhabit are subject to a variety of 

environmental fluctuations, including temperature, pH, and nutrient levels which are 

capable of perturbing cellular homeostasis and imposing significant stress on the fungal 

cell (Brown et al., 2017). Antifungal agents represent a chemical stressor these pathogens 

must recognize, respond to, and adapt to in order to survive (Cowen & Steinbach, 2008; 

Robbins et al., 2017a). Consequently, fungal pathogens have evolved broad stress-response 

circuitry that enables them to thrive in the presence of diverse cellular insults (Hayes et al., 

2014). A global cellular regulator that governs stress responses in diverse fungal pathogens 

is the essential molecular chaperone, heat shock protein 90 (Hsp90) (O'Meara et al., 

2017). Hsp90 is highly abundant, and its function is tightly coupled to environmental 

perturbations. It interacts with over 20 co-chaperones that facilitate the recognition of 

specific client proteins, which are enriched in kinases, signal transducers, and transcription 

factors, many of which serve as hubs in regulatory networks (Taipale et al., 2010). Thus, 

Hsp90 regulates basal tolerance and resistance to azole, echinocandin and polyene 

antifungals through multiple signalling cascades (Cowen et al., 2014; Cowen et al., 2009; 

Singh et al., 2009; Vincent et al., 2013). 
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In depth reviews have been completed on the disadvantages of clinical drug resistance 

(Cowen et al., 2014; Lee et al., 2020; Robbins et al., 2017a). The rapidly increasing 

resistance toward conventional antifungals that is presented in these reviews has led to the 

conclusion that without urgent action previously effective therapeutic strategies for fungal 

diseases are not sustainable. Due to the limited number of available antifungals, and the 

similarities in their activity spectrum as well as mode of action, intensive nonclinical and 

clinical research needs to be conducted to identify new antifungal therapies. Interestingly, 

the antimicrobial peptides (AMPs) are gaining more attention as novel drug candidates 

(Kosikowska & Lesner, 2016; Mookherjee et al., 2020). AMPs have been found in virtually 

all organisms and they display remarkable structural and functional diversity, which make 

them especially interesting compounds for the development of novel therapeutics.  

 

1.3 Introduction to Antimicrobial Peptides 
 

Antimicrobial peptides (AMPs) are naturally occurring molecules that provide a first line 

of defence against pathogenic microorganisms. AMPs exhibit a broad range of inhibitory 

activity, protecting their host by either directly killing or retarding the growth of pathogens, 

or by activating the immune system, wound healing or the inflammatory response in higher 

eukaryotes (Mookherjee et al., 2020). Plants, mammals and insects all release AMPs in 

response to infections from bacteria or fungi. Microorganisms also release AMPs to kill 

competing microorganisms (Magana et al., 2020; Tobias et al., 2017). AMPs can be divided 

into several different classes with different mechanisms of action and different microbial 

targets including yeast, fungi, bacteria, and parasites (Zhang & Gallo, 2016). Peptides have 

promising properties for clinical development, such as moderate immunogenicity, strong 

antimicrobial activity, high specificity and affinity for targets, distinct mechanisms of 

action, good organ and tissue penetration and broad-spectrum activity (Aoki & Ueda, 2013; 
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Ciociola et al., 2016). Against a background of rapidly increasing resistance development 

to conventional antimicrobials all over the world, efforts to bring AMPs into clinical use 

are accelerating. There are encouraging examples of AMPs already introduced into the 

market, and many AMPs have been or are currently being tested in clinical trials (Fox, 

2013; Mahlapuu et al., 2016; Mookherjee et al., 2020), which provides a reason for 

investigation into the mechanisms of action and resistance of the most promising 

candidates. 

 

1.3.1 Structure and diversity of AMPs 
 

AMPs are typically 10- 50 amino acids in length, are generally positively charged and often 

contain hydrophobic residues, forming unique amphipathic structures (Pasupuleti et al., 

2012). The amphipathicity of AMPs facilitates their interactions with microbial membranes 

while their cationic nature makes them ideal for targeting the negatively charged surface of 

bacteria and fungi (Hancock & Sahl, 2006). AMPs can be classified based on their 

secondary structure, these include α-helical and β-sheet peptides as well as peptides with 

an extended/random-coil structure (Nguyen et al., 2011; Takahashi et al., 2010; van der 

Weerden et al., 2013) (Figure 1.1).  
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Figure 1.1. Four structural classes of AMPs. ( A ) extended coil structure of SMAP-27 (PDB 

code 1FRY); ( B ) α -helical structure of human cathelicidin LL-37 (PDB code 2K6O); ( C ) β –

sheeted PAFP-S (PDB code 1DKC), tachystatin A (PDB code 1CIX) and HNP4 (PDB code 

1ZMM); ( D ) mixed αβ structures of the plant defensins NaD1 (PDB code 1MR4) and RsAFP1 

(PDB code 2N2R),  and the human beta defensin HBD1 (PDB code 1IJU). 
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α-helical peptides are unstructured in aqueous solutions, but when they encounter a 

biological membrane, they form an amphipathic helical structure (Pasupuleti et al., 2012; 

Yeaman & Yount, 2003). The most studied examples of α-helical peptides are the human 

cathelicidin LL-37, and the histidine-rich peptides from human saliva, histatin 3 and 5 

(Dong et al., 2003; Fitzgerald et al., 2003; Vandamme et al., 2012). β-sheet peptides usually 

have two or more β-strands that are stabilized with inter-strand disulfide bonds. Due to their 

rigid structure, these peptides do not undergo drastic conformational changes in aqueous 

solution or when interacting with biological membranes (Nguyen et al., 2011). The knottin-

type peptides such as PAFP-S, from Phytolacca americana, are an example of β-sheet 

peptides, which as the name suggests, have a cystine-stabilized, “knotted” topology, 

defined by two parallel disulfide bonds threaded by a third disulfide bond (Gao et al., 2001; 

Gracy & Chiche, 2011). α-defensins such as human HNP4 (Ashrafi et al., 2017) have 6 

conserved cysteine residues which form three disulfide bonds in the three stranded β-sheet 

fold. There are also examples of more complex peptides, that contain a combination of α-

helical and β-sheet structures (Kovaleva et al., 2020; Rees & Lipscomb, 1982). They 

include vertebrate β-defensins and defensins from insects, invertebrates, and molluscs. This 

group of defensins includes human HBD2 (Krishnakumari et al., 2009). β-defensins have 

six conserved cysteines forming three disulfide bonds and differ from α-defensins in the 

connectivity of disulfide bonds and the addition of a short α helix. Despite their extensive 

structural and functional similarities, the vertebrate β-defensins and defensins from insects, 

invertebrates and molluscs actually consist of two evolutionarily independent superfamilies 

(trans and cis-defensins) having arisen by convergent evolution (Shafee & Anderson, 2019; 

Shafee et al., 2016; Shafee et al., 2017). Most trans-defensins occur in vertebrates (fish, 

reptiles, birds and mammals) (Shafee et al., 2016). The larger superfamily is named the cis-

defensins and is dominated by plant defensins (Shafee & Anderson, 2019). Plant defensins 

have very different sequences and mechanisms of action but have a common fold consisting 
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of a triple-stranded, anti-parallel β-sheet connected to an α-helix by three disulfide bonds 

forming a cystine-stabilized αβ motif (Parisi et a.l, 2018; van der Weerden et al., 2013). A 

fourth disulfide bond joins the N- and C-termini creating an extremely stable protein (van 

der Weerden et al., 2013).  

Lastly, there are a small number of AMPs that lack a secondary structure and often contain 

a high content of arginine, proline, tryptophan, and/or histidine residues (Nguyen et al., 

2011; Takahashi et al., 2010), that have an extended/random coil structure. A well 

characterised peptide from this class is indolicidin a 13 amino acid cationic peptide from 

bovine neutrophils whereby it is globular and amphipathic in solution and changes to a 

wedge like shape on interaction with a membrane (Hsu et al., 2005). 

AMPs are universal; they are produced by organisms in all kingdoms of life. According to 

the DRAMP (Data repository of antimicrobial peptides) (Last updated on 2020-9-14), there 

are currently 20592 entries, 5877 of which are general AMPs (containing natural and 

synthetic AMPs), 14739 patent AMPs and 76 AMPs in drug development (preclinical or 

clinical stage) (Kang et al., 2019). AMPs can be constitutively expressed or induced after 

exposure to stress or invading pathogens. In mammals, AMPs have been isolated from 

exposed tissue areas such as the skin, eyes, ears, mouth and urinary and intestinal tracts. 

An example is the α-helical peptide, human cathelicidin LL-37 and lactoferrin from human 

tears (Tsai et al., 2014b; Wang, 2014) and the histidine-rich peptides from human saliva, 

histatin 3 and 5 (Dong et al., 2003; Fitzgerald et al., 2003; Vandamme et al., 2012). In 

humans, AMPs have other roles which is why they are also called Host Defence Peptides. 

These functions are immune modulation, apoptosis, and wound healing (Mookherjee et al., 

2020). Microbes also produce AMPs, usually to limit the growth of competing 

microorganisms such as other bacteria or fungi. An example of a microbial AMP is 

polymyxin B from Bacillus polymyxa, which kills Gram-negative bacteria, and vancomycin 

which is a non-cationic peptide that kills Gram-positive bacteria. Both of these AMPs have 
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been developed into FDA approved antibiotics (Mahlapuu et al., 2016). AMPs are also 

produced by plants and insects as a first line of defence against potentially damaging 

pathogens, for example, the plant defensin NaD1, from Nicotiana alata, is active against 

both filamentous fungi and yeast (Hayes et al., 2013; van der Weerden et al., 2008). In this 

thesis I will be focusing on peptides that have antifungal properties known as Antifungal 

peptides (AFPs). 

 

1.3.2 Mechanism of action of Antimicrobial peptides 
 

The modes of action of AMPs are diverse and can be difficult to categorise (Amerikova et 

al., 2019; Raheem & Straus, 2019; van der Weerden et al., 2013). Membrane disruptive 

mechanisms involve cell membrane penetration or the combination of AMPs with the 

membrane component of the microorganism. The characteristics of their amino acid 

composition, amphipathicity, and electric charge allow these peptides to induce membrane 

permeabilsation or disruption, leading to membrane depolarisation, loss of vital organelles 

and other cellular components, and cell lysis and death (Barbosa Pelegrini et al., 2011; 

Bondaryk et al., 2017; Rautenbach et al., 2016a). However, these peptides can also act via 

membrane non-disruptive mechanisms, by interacting with intracellular targets after 

crossing the plasma membrane or disrupting key cellular processes (Rautenbach et al., 

2016a).   

 

1.3.2.1 Membrane-disruptive mechanisms 
 

AMPs are able to inhibit fungal growth by the disruption of cellular membrane integrity 

resulting in the leakage of ions and other molecules (Yeaman & Yount, 2003), together 

with a general loss of membrane functionality. Various models and modes of action have 
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been proposed for the disruption of membrane integrity via pore formation, particularly in 

bacteria (Seyfi et al., 2020). These models are discussed in a number of reviews on the 

mode of action of AMPs (Bechinger & Lohner, 2006; Hollmann et al., 2018; Nguyen et 

al., 2011; Sengupta et al., 2008; Seyfi et al., 2020) and therefore will not be discussed in 

detail in this review. Most of these models of membrane permeabilisation and pore 

formation are based on studies with bacterial membranes (Mattila et al., 2008). However, 

some of these modes of action may not be valid for fungi as the structure of fungal 

membranes differs significantly from bacterial membranes and fungal membranes have 

unique components such as the sterol ergosterol and fungal specific sphingolipids (Nguyen 

et al., 2011; Sevcsik et al., 2007; Singh & Prasad, 2011). Other modes of membrane 

permeabilisation include binding with membrane lipids and fungal specific membrane 

components (Cools et al., 2017), changes in membrane potential due to peptide 

accumulation in outer leaflet, or association with small anions leading to electroporation 

(Chan et al., 2006) and dissipated membrane potential (Gifford et al., 2005).  

Examples of AMPs that act by membrane permeabilization are the cathelicidins from sheep 

(SMAP-29) and cow (BMAP-27, BMAP-28) which form amphipathic α-helices in a 

hydrophobic environment. They have C-terminal hydrophobic domains, with strong 

membrane permeabilization activities (Benincasa et al., 2006; Skerlavaj et al., 1999). 

SMAP-29 concentrates on the plasma membrane of treated cells and causes propidium 

iodide uptake provided the cells are metabolically active (Lee et al., 2002). In a 

hydrophobic environment, PMAP-23 (from pigs) forms two short α-helices joined by a 

flexible region (Park et al., 2002). This peptide binds to the plasma membrane of treated 

cells and is active against C. albicans protoplasts indicating interaction with the cell wall 

is not required for inhibitory activity (Lee et al., 2001).  The β-hairpin peptide protegrin 

and the extended, tryptophan-rich peptide indolicidin (both from pigs), also exhibit 

candidacidal activity through membrane permeabilization (Benincasa et al., 2006).  
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LL-37 

So far, only one cathelicidin, LL-37, has been identified in humans and will be one of the 

peptides investigated further in this thesis (Kai-Larsen & Agerberth, 2008). It forms an 

amphipathic α-helix and binds to the cell wall and plasma membrane of treated cells (den 

Hertog et al., 2005). It disrupts the C. albicans cell membrane completely and allows 

leakage of small nucleotides such as ATP and proteins of up to 40 kDa into the medium 

(den Hertog et al., 2005). Insertion of LL-37 into membranes is equally dependent on 

hydrophobic interactions between the peptide and acyl chains of the membrane lipids as it 

is on electrostatic interactions with lipid head groups (Henzler-Wildman et al., 2004). LL-

37 is known to associate with cell wall components of C. albicans, (Burton and Steel, 2009) 

such as Xog1p and inhibit cell adhesion (Tsai et al., 2014a; Tsai et al., 2011). Analysis by 

live-cell imaging showed that LL-37 peptides kill C. albicans rapidly. (Ordonez et al., 

2014). The strong membrane binding of LL-37 during the killing process led to the 

suggestion that direct membrane permeabilization is the main mechanism of action. 

However, small amounts of LL-37 peptides were detected intracellularly, even before PI 

influx and vacuolar expansion took place. Therefore, the authors hypothesised that a 

relatively high concentration of peptides is required at the membrane for the peptides to 

traverse the cell boundaries (Ordonez et al., 2014).  

Extensive research on plant defensin–target interactions revealed two groups of fungal lipid 

targets, namely sphingolipids and phospholipids (PLs) (Cools et al., 2017). Lipid rafts 

containing glycosphingolipids (GSLs) and ergosterol are present at the growth tip of 

budding yeast and hyphae (including filamentous fungal hyphae), making this a vulnerable 

target (Martin & Konopka, 2004; Takeshita et al., 2008). The binding of a peptide to GSLs 

could have a major influence on cell function as these lipids participate in signal 
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transduction, and delivery of glycerophosphatidylinositol (GPI)-linked cell wall proteins in 

the lipid rafts (Aerts et al., 2007; Bagnat et al., 2000; Thevissen et al., 2004). The GPI 

anchoring on the outer membrane leaflet results in presentation of these GPI-linked cell 

wall proteins on the surface of the cell. The antifungal plant defensin from Dahlia merckii, 

DmAMP1, interacts with the fungal specific sphingolipid M(IP)2C from S. cerevisiae, 

leading to a biphasic permeabilisation of the fungal membrane (Thevissen et al., 2003). 

Furthermore, the presence of another fungal specific lipid, ergosterol, together with 

M(IP)2C, enhanced DmAMP1 activity (Thevissen et al., 2003). The plant defensins NaD1 

and TTP3, as well as human ‐defensin 2 binds to the membrane phospholipid 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) directly causing membrane 

permeabilisation in tumour cells and potentially in fungal hyphae (Baxter et al., 2015; Järvå 

et al., 2018b; Payne et al., 2016; Poon et al., 2014). Furthermore, these researchers have 

high-resolution structural evidence for the formation of a carpet-like configuration by NaD1 

during the initial stages of membrane encounter with target phospholipids (Järvå et al., 

2018a). 

While most AMPs interact with and influence the integrity of microbial membranes, it is 

not fully understood whether membrane permeabilization is always a lethal event or 

whether the membrane is the only site of action (Cools et al., 2017) Indeed in some cases, 

loss of membrane integrity may occur after cell death has been induced by another 

mechanism (Figure 1.2). 
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Figure 1.2. Mechanism of action of AMPs on Fungi.  The mechanism of action of AMPs can be 

categorised into membrane disruptive and membrane non-disruptive mechanisms.  Membrane 

disruptive mechanisms include plasma membrane binding and cell wall binding leading to 

membrane permeabilization and loss of intracellular contents, or cationic peptide accumulation on 

the plasma membrane leading to change in membrane potential. Membrane non-disruptive 

mechanisms include entering the cell via binding to cell wall polysaccharides or receptor mediated 

internalisation, once inside the cytoplasm they bind to intracellular targets which can cause ROS 

production or programmed cell death. A result of cationic peptide interaction with fungal cells is 

the induction of signalling cascades such as the HOG and CWI pathway. This an updated version 

of van der Weerden’s 2013 figure (van der Weerden et al., 2013).  
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1.3.2.2 Membrane-nondisruptive mechanisms  
 

As stated earlier, the most studied mechanism of action of cationic AMPs has been the 

interaction with, and disruption of, the cytoplasmic membrane. More recently a number of 

cationic AMPs have been reported to act on internal targets, either as their major 

mechanism of action following their translocation across the membrane or as an additive 

effect, combined with (often incomplete) membrane disruption (Figure 1.2).  

BPTI 

Another peptide that will be investigated in this thesis is bovine pancreatic trypsin inhibitor 

BPTI also known as aprotinin which inhibits growth of S. cerevisiae and the human 

pathogen C. albicans. Bleackley and co-workers (2014) revealed by screening of the yeast 

heterozygous essential deletion collection that the magnesium transporter Alr1p was the 

likely BPTI target. This was confirmed when BPTI treatment of wild type cells resulted in 

a lowering of cellular Mg2+ levels and the observation that populations treated with BPTI 

had fewer cells in the S ‐phase of the cell cycle and a corresponding increase of cells in the 

G 0/G 1 and G 2 phases. Furthermore, the same patterns of cell cycle arrest obtained with 

BPTI were also obtained with the magnesium channel inhibitor hexamine (III) cobalt 

chloride (Bleackley, 2014). Analysis of the growth inhibition of C. albicans revealed that 

BPTI acts via the same mechanism in the two yeast species (Bleackley, 2014). 

It has been proposed more recently that cationic AMPs have a 'multitarget'-mechanism of 

action (Hale & Hancock, 2008; Kumar et al., 2018), whereby they are able to interact with 

multiple anionic targets. Certainly, there are many examples of cationic AMPs with more 

than one non-membranous target site within a fungal cell (Lee & Lee, 2018; Puri & 

Edgerton, 2014; van der Weerden et al., 2013; Yeaman et al., 2018).  

NaD1 
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NaD1 is one of the best characterised AMPs with a multi-site mechanism of action, which 

makes it an advantageous peptide to study in this thesis. NaD1 a plant defensin from the 

ornamental tobacco Nicotiana alata is active against several pathogenic fungi (Dracatos et 

al., 2014; Lay et al., 2003; van der Weerden et al., 2008) and functions to protect the floral 

tissues against damage from potential fungal pathogens (Lay et al., 2012). Treatment of 

fungal cells with NaD1 led to damage of the inner leaflet of the cell membrane and cell 

death within 10 min of exposure to NaD1 (Hayes et al., 2014; Payne et al., 2016; van der 

Weerden et al., 2010). The mechanism of cell death is complicated and involves 

interactions with multiple fungal components (Parisi et al., 2018). Firstly, NaD1 requires 

the presence of the cell wall polysaccharide 1,3-β-glucan to initiate its specific and lethal 

effect on fungal cells (Bleackley et al., 2019; van der Weerden et al., 2008). As mentioned 

earlier, NaDI forms dimers that bind tightly to phosphatidylinositol 4, 5-bisphosphate 

(PI(4,5)P2) which is located on the inner leaflet of the plasma membrane (Poon et al., 2014). 

However, interaction with PI(4,5)P2 may not be essential for the antifungal mechanism 

because NaD1 variants that do not bind PI(4,5)P2 still kill fungal cells (Bleackley et al., 

2016). In C. albicans, NaD1 accumulates on the surface of the plasma membrane and 

traverses via endocytosis (Hayes et al., 2018). Once NaD1 enters the cytoplasm it interacts 

with intracellular targets leading to the production of ROS, permeabilisation of the plasma 

membrane, granulation of the cytoplasm and cell death (Hayes et al., 2018; Hayes et al., 

2013; van der Weerden et al., 2010; van der Weerden et al., 2008). Activation of the HOG1 

pathway in response to NaD1 mediated osmotic and oxidative stress along with other 

stressors has also been reported to be protective at sub-lethal concentrations of NaD1 

(Hayes et al., 2014).  

 

The histatins are a well characterised group of histidine-rich peptides from human saliva 

that are active against several Candida species (den Hertog et al., 2005; Pathirana et al., 
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2018). Histatin 5, a cleavage product of histatin 3, is the most potent of these molecules 

and as such, the most well studied. The heat shock protein Ssa2p, a 70 kDa cell wall protein 

in C. albicans, is the binding site for histatin 5 (Li et al., 2006; Sun et al., 2008). The 

presence of the Ssa2p is required for susceptibility of C. albicans to histatin 5 and 

internalization of histatin 5 into cells (Li et al., 2006; Sun et al., 2008). Uptake of histatin 

5 into C. albicans cells is dependent on the presence of two polyamine transporters, Dur3 

and Dur31, which usually function in spermidine uptake (Kumar et al., 2011). 

Internalization must occur by translocation, not endocytosis, for histatin to act as an 

antifungal molecule against C. albicans (Jang et al., 2010). Upon internalization, histatin 5 

travels to the mitochondria providing respiration is underway and causes a loss of 

mitochondrial membrane integrity (Komatsu et al., 2011; Puri & Edgerton., 2014) 

MtDef4 a 47 amino acid protein from the model legume Medicago truncatula is active 

against the filamentous fungal pathogen, F. graminearum and N. crassa (Ramamoorthy et 

al., 2007; Sagaram et al., 2011).  Sagaram and coworkers (2013) discovered that the loop 5 

sequence (RGFRRR) binds to phosphatidic acid (PA) and is essential for MtDef4 entry into 

fungal cells. MtDef4 also disrupts Ca2+ signalling and/or homeostasis leading to inhibition 

of hyphal growth and fusion (Muñoz et al., 2014; Spelbrink et al., 2004). Once in the 

cytoplasm MtDef4 interferes with internal cellular targets of F. graminearum that are still 

unknown (Sagaram et al., 2013; Sagaram et al., 2011). In a later study, it was discovered 

that membrane permeabilization is required for the antifungal activity of MtDef4 against 

F. graminearum but not against N. crassa. MtDef4 appears to translocate into F. 

graminearum autonomously using a partially energy‐dependent pathway (El-Mounadi et 

al., 2016). By contrast, internalization of MtDef4 in N. crassa is energy‐dependent and 

involves endocytosis (El-Mounadi et al., 2016). This led to the suggestion that the plasma 

membrane localized phospholipase D, involved in the biosynthesis of PA, is needed for 

entry of this defensin into N. crassa, but not into F. graminearum (El-Mounadi et al., 2016). 
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ROS production is a component of the antifungal activity of a number of peptides (Basso 

et al., 2020), including the tyrocidines which induced the generation of ROS in C. albicans 

(Troskie et a.l, 2014). However, ROS formation was not essential for the activity of the 

tyrocidines, as their antifungal activity was surprisingly significantly higher in the presence 

of the antioxidant, ascorbic acid (Troskie et al., 2014). As the tyrocidines induce rapid 

permeabilisation of fungal membranes, ROS are probably a consequence of osmotic stress 

and/or binding to GlcCer-ergosterol rich lipid rafts (Rautenbach et al., 2016b). GlcCer-

dependent activity of the plant defensin PvD1 directly induces the formation of ROS in C. 

albicans and F. oxysporum, as well as nitric oxide in C. albicans (de Medeiros et al., 2014; 

Mattila et al., 2008). Furthermore, PvD1 activity on C. albicans leads to disorganisation in 

the cytoplasm and plasma membrane. The ROS formation by PvD1 action likely enhances 

the delayed PvD1 membrane permeabilisation, as well as induction of programmed cell 

death in C. albicans and F. oxysporum (Mello et al., 2011). RsAFP2 a plant defensin from 

radish inhibits C. albicans by binding to GlcCer, inducing endogenous ROS, which 

explains the RsAFP2-induced biphasic membrane leakage (Aerts et al., 2007; Thevissen et 

al., 2012). Following initial interaction with GlcCer, downstream signalling pathways lead 

to the induction of ROS, membrane permeabilisation and programmed cell death (Rego et 

al., 2014). Therefore, suppression of ROS production would increase fungal resistance to 

these antifungal peptides. This was indeed the case with RsAFP2 as the presence of ascorbic 

acid led to a significant loss in fungicidal activity, linking the involvement of ROS 

induction to RsAFP2's activity against C. albicans (Aerts et al., 2007). 

Because of their broad spectrum of activity, AMPs are considered promising alternatives 

to conventional antimicrobial agents. Therefore, understanding the mechanism of action of 

AMPs is a crucial step in understanding the mechanisms of resistance, and in turn assessing 

their potential for clinical use.  
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1.4 Mechanism of resistance to antimicrobial peptides 
 

Some researchers have reported that development of microbial resistance to AMPs is 

unlikely to occur (Mahlapuu et al., 2016). This has led to the hypothesis that AMPs have 

larger interactive surfaces with the targets in the pathogen than can be achieved with small 

molecule drugs (Tsomaia., 2015) and hence single amino acid substitutions are unlikely to 

lead to rapid evolution of resistance. Furthermore, AMPs have complicated mechanisms of 

action and often interact with more than a single target in the fungus so that multiple 

mutations are needed for full resistance. However, some bacteria and fungi have developed 

mechanisms to resist the toxic effects of AMPs or developed ways of evading host immune 

response and detection, explaining why commensal organisms and pathogens survive the 

arsenal of AMPs presented by epithelial and mucosal surfaces and neutrophils.  

 

1.4.1 Mechanisms of resistance to antibacterial peptides 

In order to understand the potential for resistance to develop to AMPs in fungi, it is 

important to understand the mechanisms that have already been identified in bacteria (Abdi 

et al., 2019; Band & Weiss, 2015; Joo et al., 2016). Common AMP resistance mechanisms 

in bacteria are repulsion, sequestration, removal, and degradation (Figure 1.3). 
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Figure 1.3. Mechanisms of resistance to Antibacterial peptides. (A) Gram-positive bacteria. (B) 

Gram-negative bacteria. The mechanisms of resistance are highlighted in bold in the figure and 

include: Protease digestion: degradation by secreted proteases, outer membrane (OM) proteases 

or cytosolic proteases. Sequestration by secreted proteins, anionic polysaccharides or O antigen. 

Electrostatic Repulsion, by alanylated lipoteichoic acid (LTA), wall teichoic acid (WTA) or 

aminoacylated phospatidylglycerol (PG). Lipid II modification, blocking of AMPs binding by 

altering the pentapeptide on lipid II. Efflux pumps, export of AMPs by efflux pumps. Signal 

transduction pathway activation that induces expression of genes that reinforce the wall or 
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detoxify products of AMP activity. Lipid A modification by amine compounds, enhanced 

membrane rigidity by lipid A acylation. This figure is an adaptation from (Mookherjee et al., 2020). 

Repulsion. Gram-positive and Gram-negative bacteria incorporate positive charges into 

their normally negatively charged cell surfaces (either the membrane or cell wall) to 

decrease interaction with the cationic AMPs. The modifications vary between bacterial 

species, but common targets are the most abundant negatively charged molecules on the 

outer surface such as teichoic acids on Gram-positive bacteria and lipopolysaccharide 

(LPS) on Gram-negative bacteria. AMP resistance is enhanced by the formation of lysyl-

phosphatidyl glycerol (L-PG) by the enzyme multi peptide resistance factor, Mprf, which 

is present in many Gram-positive and Gram-negative bacteria (Roy, 2009). Bacteria have 

specific sensors that activate AMP resistance mechanisms when AMPs are present. The 

regulatory systems have been most extensively studied in the Gram-negative bacterium 

Salmonella typhimurium where the PmrAB, Pho PQ and Rcs regulatory systems mediate 

many of the LPS modifications that increase surface charge (Andersson et al., 2016). The 

best studied regulatory system in Gram-positive bacteria is the antimicrobial peptide 

sensing system of Staphylococcus epidermidis which induces D-alanylation of teichoic 

acids, incorporation of lysyl-phospatidylglycerol into the bacterial membrane coupled with 

an increase in lysine biosynthesis and activation of the VraFG AMP efflux pump (Li et al., 

2007). 

Sequestration. This involves secretion of proteins or anionic extracellular polysaccharides 

into the cell walls, capsules or biofilms that bind the AMPs and restrict access to the cell 

membrane. Examples are the anionic capsular polysaccharides of Klebsiella pneumoniae, 

Pseudomonas aeruginosa and Streptococcus pneumoniae, the O-antigen of 

lipopolysaccharide on Gram-negative bacteria and polysaccharide intercellular adhesin 

(PIA also known as poly-N-acetyl glucosamine) which is produced by a variety of bacteria 

including Staphylococcal species and E.coli  and is crucial for biofilm formation. Alginate, 
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a negatively charged polymer secreted by Pseudomonas aeruginosa during biofilm 

formation, also sequesters AMPs. The intrinsic resistance of biofilms to AMPs is likely to 

limit the therapeutic potential of AMPs for treatment of biofilm infections. 

Removal.  AMPs that have inserted into the membrane or entered the cytoplasm can be 

removed by efflux pumps. The resistance/nodulation/cell division (RND) efflux pumps are 

present in many Gram-negative bacteria. For example, the MtrCDE pump of Neisseria 

gonorrhoeae enhances tolerance to LL-37 and protegrin (Tzeng & Stephens, 2015). 

Degradation. Proteolytic degradation by extracellular proteases, outer membrane 

proteases or by cytosolic proteases after uptake by transporters. Examples are PgtE in S. 

typhimurium, S.aureus aureolysin and OmT in E.coli. The linear AMPs such as LL-37 are 

more susceptible to degradation than AMPs such as the defensins that have compact 

scaffolds held together by several disulphide bonds.   

Additional resistance mechanisms are modification of the pentapeptide on Lipid II, a 

prominent AMP target and alteration of the rigidity of the membrane by acylation of Lipid 

A. 

 

1.4.2 Mechanisms of resistance to Antifungal peptides 

Studies on the mechanisms that fungi employ to enhance tolerance to AFPs are limited and 

have mainly focused on Candida species which also employ repulsion, sequestration, 

removal by efflux pumps and proteolytic degradation for protection against the human 

AFPs LL-37, histatin 5, hNP-1, hBD1-3 lactoferrin and hGAPDH (Swidergall & Ernst, 

2014) (Figure 1.4).   
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Figure 1.4. Mechanism of resistance to Antifungal peptides. The mechanisms of resistance are 

highlighted in bold in the figure and include: Sequestration by secreted proteins, anionic 

polysaccharides or mannosylphosphate side chains on glycoproteins. Efflux pumps, export of 

AMPs. Signal transduction pathway activation that induces expression of genes that reinforce the 

wall or detoxify products of AMP activity. Mitogen-activated protein kinase (MAPK) signalling 

pathways in fungi for protection against oxidative, osmotic or cell wall stress. This figure is an 

adaptation from (Mookherjee et al., 2020). 

 

Histatin 5 for example is degraded by the extracellular GPI anchored proteases Sap9/10.  

Extracellular concentrations of histatin 5 are also limited by sequestration to the outer layer 

of mannosylated glycoproteins (Harris et al., 2009) and by the soluble domain of the MbS2 

membrane sensor which is a broad range protectant against AFPs including histatin 5, LL-

37, hNP-1 and hBD1 (Szafranski-Schneider et al., 2012). After traversing the fungal cell 

wall Histatin 5 gains access to the plasma membrane and enters cells via a polyamine 

transporter. After reaching threshold levels Histatin 5 stimulates production of reactive 
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oxygen species and ATP efflux. The Flu1 efflux pump reduces the cytoplasmic 

concentration of Histatin 5 but it is not upregulated in response to AFP exposure and is not 

sufficient for complete resistance (Li et al., 2013). The cell responds instead by activation 

of the High Osmolarity Glycerol (Hog1) MAP kinase pathway which induces transcription 

of genes that protect against oxidative and osmotic stress. The Hog1 and Mkc1 cell wall 

integrity (CWI) pathways protect Candida against a variety of AFPs including histatin 5 

and hβD2. These pathways are also active in filamentous fungi for example the plant 

pathogen Fusarium graminearum which can survive exposure to plant defensins by 

inducing transcription of genes that protect against oxidative stress and reinforce the fungal 

cell (Hayes et al., 2014). 

 

Most AMP resistance studies have been conducted in bacteria and in an in vitro setting 

where there is a high selection for resistance development. These studies are essential to 

gain more information regarding the ability of microbial pathogens to develop AFP 

resistance in advance of their practical application. Moreover, development and 

characterization of resistant microorganisms in the laboratory can provide a way to advance 

our knowledge regarding the mechanisms of action of AMPs. Thus far, there are few reports 

describing successful attempts at obtaining such mutants in fungi. 

 

1.4.3 Determining AFP resistance mechanisms via Yeast deletion screens  

The development of chemical genomic assays with S. cerevisiae mutant libraries has 

facilitated identification of the mechanism of action of many drugs and novel small 

molecules. The complete genome sequence of the yeast S. cerevisiae was published over 

20 years ago and has become an essential tool for small molecule discovery and 

characterisation (Ho et al., 2011). The genome sequence enabled construction of an almost 
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complete set of haploid non-essential gene deletion mutants as well as a set of heterozygous 

deletion mutants in the essential genes (Pierce et al., 2007). These libraries have been used 

to identify genes that affect the relative fitness of S. cerevisiae upon exposure to chemical 

drugs or selective growth conditions. Initially these collections were screened in 96 well 

microtiter plates but the development of high density colony arrays and next generation 

barcode sequencing have substantially improved the throughput and decreased the amount 

of drug needed to perform these screens (Ho et al., 2011; Shoemaker et al., 1996).  

Library screens are scoured for strains with enhanced resistance to assist in determining the 

mechanism of action of an AMP but also to explore how strains may develop AMP 

resistance. A screen of the S. cerevisiae deletion library determined that cells without the 

agp2 gene had enhanced resistance to NaD1 (Bleackley et al., 2014).  Cells with a deletion 

of agp2 accumulate positively charged molecules at the surface repelling cationic 

antifungal peptides (Schuber, 1989). In another screen of the S. cerevisiae non-essential 

deletion collection, mutants with increased tolerance to PAF26, a synthetic cationic 

antifungal hexapeptide were identified with deletions in protein glycosylation genes, 

indicating the importance of the glycosylation pathway in the mechanism of antifungal 

activity (Harries et al., 2013). This complemented previous studies demonstrating PAF26 

interaction with the outer layers of the fungal cell before translocation into the cell where 

PAF26 exerts its killing (Munoz et al., 2006).  

Barseq screening allowed for yeast deletion screens to be performed on a pooled collection 

of yeast strains with different deletions. This decreased the length of time and resources 

that were required to perform these screens and made it much easier to perform multiple 

screens in parallel. Yeast deletion screens with AFPs have been performed with human 

salivary peptides. Strains with deletions in genes associated with the RIM101 pathway were 

more sensitive to the MUC7 human salivary AMP, a 12 mer, leading to the discovery that 

RIM101 functions in protecting fungi against human salivary AMPs (Lis et al., 2013; Lis 
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et al., 2009). In addition, in a direct selection technique with the AMP MUC7, the pool of 

yeast deletion strains was repeatedly treated with MUC7 leading to identification of a clone 

with elevated survival rates. This clone had a deletion in the MIS1 gene encoding 

mitochondrial C1-tetrahydrofolate synthase (Lis et al., 2009). Another mitochondrial 

mutant displayed enhanced resistance to MUC7 in a separate screen (Lis et al., 2013). This 

mutation decreases energy production, a condition known to protect against AMPs 

(Helmerhorst et al., 1999). Similarly, in a separate screen yeast strains with deletions that 

decreased ATP transport and export were more resistant to the plant defensins, NbD6, 

SBI6, DmAMP1 and NaD1, suggesting that a reduction in energy levels protects the 

pathogen from several plant defensins with different mechanism of action (Parisi et al., 

2019).  The importance of mitochondrial function has also been identified in a yeast screen 

aimed at elucidating the mechanism of action of the plant defensin HsAFP1. This screen, 

together with previous data, revealed that HsAFP1 binds to the cell wall and plasma 

membrane, penetrates the cytoplasm to target the mitochondria and activates ROS 

production leading to cell death (Aerts et al., 2011; Parisi et al., 2019; Thevissen et al., 

1997). 

Screens of yeast deletion libraries have largely focused on determining the mechanisms of 

action for selected AMPs, but these screens also have the potential to identify likely routes 

of resistance. However, full gene deletions, in the strains in the non-essential gene 

collection, are often associated with fitness defects. Resistance caused by gene deletions is 

likely to be different to the genetic mechanisms for resistance that arise in the clinic or field. 

Nevertheless, laboratory screens will give insight into the potential biological mechanisms 

of resistance.   
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1.4.4 Laboratory based evolution of resistance to antifungal peptides 

The yeast deletion screens discussed above focused on loss of gene function. Although this 

method has been very productive for describing the mode of action of AFPs, it does not 

provide enough insight into whether mutations of these targets would provide robust 

resistance in the clinic. Clinical antifungal resistance is often not associated with a total loss 

of function, but with changes to enzyme active sites or upregulation of drug efflux pumps 

and/or other genes that counter act the effect of the antifungal (Cowen et al., 2014). 

Therefore, in order to understand the potential for clinical resistance risk in advance, there 

needs to be a more comprehensive approach to studying the development of resistance. One 

tool for the prediction of resistance risk is laboratory selection for resistance. 

 

1.4.4.1 Laboratory selection for AFP resistance via chemical mutagenesis  

Chemical mutagenesis involves producing drug resistant strains by randomly introducing 

DNA mutations by the introduction of a mutagen (usually UV or chemicals such as 

ethylmethanesulphonate (EMS) (Hawkins & Fraaije, 2016). Mutagenesis enables 

resistance to emerge more rapidly in the laboratory than in the field but may produce 

mutations that would not emerge under field conditions (Hawkins & Fraaije, 2016). An 

example of this is the laboratory selection of resistance to the antifungal peptide MUC7.  

MUC7 is a 12 amino acid cationic peptide from the N‐terminal portion of human mucin 

MUC7, that has potent antifungal properties (Situ et al., 2003). MUC7-resistant mutants of 

C. albicans were developed by mutagenesis with EMS (Lis & Bobek, 2008). One colony, 

exhibiting the highest level of MUC7 resistance in a killing assay, was characterised 

further. This colony, designated mutant #37 had a 6-fold increase in MIC compared to the 

parental strain. The mutant exhibited lowered ATP content along with a relatively lower 

rate of oxygen consumption, as well as an inability to grow on nonfermentable carbon 
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sources. The authors suggested that the resistance is likely to be associated with changes in 

metabolic regulation, rather than the lack of functional mitochondria, as determined by 

rhodamine 123 staining (Lis & Bobek, 2008). Therefore, it is possible that the lowered 

metabolism of the mutant #37 led to its resistance to the MUC7 12‐mer. (Situ et al., 2003). 

However, the lowered level of metabolism and inability to grow on fermentable carbon 

sources is also likely to decrease the survival of mutant #37 within a viable host. Another 

example of a mutation leading to resistance that is associated with decreased fitness is the 

mutants of Neurospora crassa that were generated by chemical mutagenesis using EMS 

and selected for resistance towards the radish defensin RsAFP2 (Ferket et al., 2003). These 

mutants grew about 10-fold slower than the N. crassa wildtype and had lost the ability to 

form ascospores (Ferket et al., 2003). Characterisation of the lipids in the membranes of 

the two N. crassa mutants revealed structurally different glucosylceramides, novel 

glycosphingolipids, and an altered level of steryl glucosides (Ferket et al., 2003). 

Subsequent work revealed that the sphingolipid GlcCer in the fungal plasma membrane and 

cell wall, is essential for the activity of RsAFP2 (Aerts et al., 2007; Thevissen et al., 2012; 

Thevissen et al., 2003; Thevissen et al., 2004) 

 

1.4.4.2 Serial passaging to generate AFP resistance 

As stated previously, mutagenesis is a way to speed up the development of resistant 

mutants, although it also produces mutants that are less viable and thus unlikely to survive 

in a clinical setting. Another tool for analysis of resistance in fungi is to use selection for 

resistance in the laboratory without the introduction of a mutagen. This method involves 

sub-culturing, or passaging, the parental fungal strain at sub-inhibitory and/or increasing 

concentrations of AMP until resistance reaches a certain threshold, usually at least 4-fold 

more resistant than wildtype. Although there will be a reduced number of mutations, it is 
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considered more likely that these mutations could occur in a clinical setting (Beardsley et 

al., 2018).  

 

One of the first attempts at laboratory selection for AFP resistance was used by Thevissen 

et al. (2000), to determine the mechanism of action of the dahlia defensin DmAMP1. They 

used selection in liquid medium containing 5 μM DmAMP1 to isolate two independent 

DmAMP1-resistant S. cerevisiae strains (DM1 and DM2) (Thevissen et al., 2000b). Wild-

type yeast was sensitive to DmAMP1 at 2 μM, whereas the DmAMP1-resistant yeast 

mutants were resistant up to 40 μM DmAMP1. A complementation approach followed that 

consisted of the introduction of clones from a genomic library from the DmAMP1-sensitive 

wild-type yeast into the DmAMP1-resistant yeast mutant and screening for restored 

sensitivity to DmAMP1(Thevissen et al., 2000a). The gene that restored DmAMP1 

sensitivity to the resistant mutant was IPT1, a gene encoding an enzyme involved in the last 

step of the synthesis of the sphingolipid mannose-(inositol-phosphate)2-ceramide. This 

revealed DmAMP1’s mechanism of action, which is specific interaction with the 

sphingolipid M(IP)2C from S. cerevisiae, leading to a biphasic permeabilisation of the 

fungal membrane (Thevissen et al., 2003). 

 

The human protein histatin has a complex mechanism of action that involves binding, 

internalisation, intracellular targeting, and release of ATP (Pathirana et al., 2018; Puri & 

Edgerton, 2014). Resistant C. albicans mutants have been developed by sequential 

exposure to increasing concentrations of histatin 3 (Fitzgerald et al., 2003). Proteomic 

analysis was used to identify alterations between the histatin-resistant strains and the 

histatin-susceptible parent to identify other potential targets (Fitzgerald-Hughes et al., 

2007). This proteomic analysis revealed that 59 proteins were differentially expressed 
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compared to the parental strain. Proteins that were absent from the wildtype but present in 

the histatin-resistant strains, included isocitrate lyase (Icl1p), fructose biphosphate aldolase 

(Fba1p), pyruvate decarboxylase (Pdc2p), and ketol-acid reductoisomerase (Ilv5p) which 

impact metabolic pathways. The resistant strains also decreased rates of oxygen 

consumption and histatin 3-mediated ATP release compared with wildtype. The authors 

concluded that these data support an important role for metabolic pathways in the histatin 

resistance mechanism and suggest that there may be several intracellular targets for histatin 

3 in C. albicans (Fitzgerald-Hughes et al., 2007). 

 

Only a handful of studies have been completed thus far on laboratory selection for 

resistance to AFPs. These studies have also focused on determining the mechanism of 

action of AFPs instead of predicting the mechanisms of resistance for future clinical use. 

As well as this, some of these studies are up to 20 years old and have relied mostly on 

phenotype characterisation instead of whole genome sequencing. Due to the prevalence of 

resistance to all the major classes of clinical antifungals, and the understanding that fungal 

pathogens also have the potential to develop resistance to AFPs, it is important to further 

investigate the mechanisms of fungal resistance to a range of AFPs. 
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1.5 Thesis Aims 

This thesis describes the development and mechanisms of resistance in S. cerevisiae and 

C. albicans towards a selection of AFPs and compares them to the development of 

resistance to current clinical drugs. The studies in this thesis will rely on the use of 

laboratory selection for resistance development rather than chemical mutagenesis or 

deletion screens, because they are more likely to replicate the development of resistance in 

the clinic. Furthermore, it is likely to provide insight into the mechanisms of action and 

resistance to AFPs that may not be elucidated otherwise. Having a better understanding of 

the targets for resistance development will help in development of strategies for 

introduction and sustainable use of AMPs in the clinic and will guide further investigation 

into the mechanisms of resistance to these peptides. In this thesis the prototypic plant 

defensin NaD1 and aprotinin, also known as Bovine Pancreatic Trypsin inhibitor (BPTI) 

were serially passaged with the model fungus S. cerevisiae and compared to the clinically 

used echinocandin caspofungin (Figure 1.5).  
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Figure 1.5. Structures of antifungal agents studied in this thesis. ( A ) 3D structure of AMPs 

used in this thesis; the plant defensin NaD1 (PDB code 4AAZ), human cathelicdin LL-37 (PDB 

code 2K60) and bovine pancreatic trypsin inhibitor BPTI (commercial name: Aprotinin) (PDB code 

4TPI). ( B ) 2D structure of the small molecule antifungal agents used in this thesis; the 

echinocandin antifungal caspofungin (PubChem code 2826718) and the azole antifungal 

itraconazole (PubChem code 55283). 

Resistance to AFPs was investigated further in the opportunistic fungal pathogen C. 

albicans. C. albicans was serial passaged in the presence of NaD1, the human cathelicidin 

LL-37 and the clinical azole antifungal itraconazole and the genomes of the resistant strains 

were compared to identify changes associated with resistance development. It was 

hypothesised that resistance to AFPs would develop more slowly in these yeast species and 

that the mechanism of resistance would be more complicated than resistance to small 

molecule antifungals. Despite the clinical interest in AFP’s, laboratory selection for 

resistance to NaD1, aprotinin (BPTI) and LL-37 has not been conducted before. Therefore, 
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understanding the mechanisms of resistance of these peptides will further enhance their 

clinical potential.  

 

Aim of study 1 (Chapter 2) – Mechanisms of resistance to NaD1 in S. cerevisiae.  

The aim of this study was to determine whether resistance to NaD1 could be developed in 

vitro and to elucidate the mechanisms by which resistance occurs. The aim was to generate 

three strains of S. cerevisiae with at least a 4-fold increase in resistance to NaD1. Initially 

the NaD1 resistant strains were compared to wildtype S. cerevisiae by examining their 

growth rate in the presence and absence of NaD1 and the size and shape of the resistant 

strains. Whole genome sequencing of the NaD1-resistant strains was conducted using the 

Illumina MiSeq method and the changes in the genome were identified by comparison to 

the wild-type. The NaD1 resistant strains and the parent wt strain were then examined for 

differences in their response to general stresses such as UV radiation, oxidative stress, and 

cell permeabilisation.  The rate of resistance development to NaD1 was compared to the 

clinically relevant echinochandin caspofungin to understand the clinical potential of NaD1. 

It was hypothesised that resistance to NaD1 would occur more slowly compared to 

caspofungin and due to the complex nature of the mechanism of action of NaD1, the 

mechanism of resistance would involve more than one target site. 

 

Aim of study 2 (Chapter 3) - Mechanisms of resistance to Aprotinin (BPTI) in S. 

cerevisiae 

Using the method described above three S. cerevisiae strains with increased tolerance to 

Aprotinin (BPTI) were generated and the genomes of the resistant strains were sequenced 

and compared to the NaD1 and caspofungin resistant strains. The aim of this study was to 

determine whether resistance development to another AFP was also slow and multifactorial 



50 
 

as it was with NaD1, and whether the same mutations were involved in broad spectrum 

resistance to cationic peptides or whether the mutations were AFP specific reflecting a 

different mechanism of action. Furthermore, the BPTI and NaD1-resistant strains were both 

assessed using synergy assays to determine whether fungal inhibition could be rescued with 

the addition of either NaD1 or BPTI in low doses.  

 

Aim of study 3 (Chapter 4) – Sequence wide characterisation of NaD1 and LL-37-

resistance in C. albicans 

Studies 1 and 2 were conducted with the non-pathogenic organism S. cerevisiae. A 

clinically relevant human pathogen C. albicans was chosen for the third study. The aim of 

this study was to examine development of resistance to the plant defensin NaD1 and the 

human cathelicidin LL-37 and to compare this with resistance development to the 

antifungal itraconazole which is used in the clinic. It is important to note that in order to 

avoid developing a virulent strain of C. albicans that was highly resistant to antifungal 

molecules, we intentionally used a disabled strain (auxotrophic for uridine, histidine and 

arginine) named BWP17 that would not be viable in a host, and this strain was maintained 

in isolated PC2 conditions. These precautions were made to ensure the experiments were 

as safe as possible. C. albicans was serially passaged in the presence of each of NaD1, LL-

37, itraconazole and a no drug control. To obtain more genetic data, eleven C. albicans 

cultures were set up and passaged for each treatment group, making a total of 44 

independent isolates (11 NaD1-resistant, 11 itraconazole-resistant, 11 LL-37 resistant and 

11 no treatment control). Whole genome sequencing was completed using the Illumina 

NextSeq method, and the changes to the genome were compared to the parent wild-type 

strain. The rate of development and genetic determinants of resistance to NaD1, LL-37 and 

itraconazole were compared to one another. 
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Chapter Two 

 

2. STUDY 1 – Mechanism of resistance to NaD1 in S. cerevisiae 
 

________________________________________________________________________ 

 

The findings of this chapter have been published in a peer-reviewed journal, 

Frontiers in Microbiology, November 2018. 

 

McColl AI, Bleackley MR, Anderson MA, Lowe RGT (2018) Resistance to the Plant 

Defensin NaD1 Features Modifications to the Cell Wall and Osmo-Regulation Pathways 

of Yeast. Frontiers in Microbiology 9: 1648 

 

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01648/full 

 

________________________________________________________________________ 

 

Statement of Contribution  

Amanda McColl has made the following contributions:  

- Design and experimental completion of data collection,  

- Analysis and interpretation of all data,  

- Preparation of methods and figures for the manuscript.  

- Drafted and provided all revisions of manuscript prior to submission.  

 

Other authors have made the following contributions: 

- Bleackley MR, Anderson MA, and Lowe RGT contributed to the conception and 

design of the experiments, data analysis and manuscript revisions. 
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Chapter Three 
 

3. STUDY 2 – Mechanism of resistance to BPTI in S. cerevisiae 
 

________________________________________________________________________ 

 

The findings of this chapter have been submitted for publication in a peer-

reviewed journal G3: Genes, Genomes, Genetics and is currently under 

review, June 2020. This paper is also available for public access at BioRxiv. 

 

McColl AI, Lowe RGT, McKenna JA, Anderson AA, Bleackley MR (2020) Resistance to 

the antifungal activity of Aprotinin occurs through mutations in genes that function in 

cation homeostasis. (Unpublished) doi: https://doi.org/10.1101/2020.06.22.164863  

 

https://www.biorxiv.org/content/10.1101/2020.06.22.164863v1.full 

 

________________________________________________________________________ 

 

Statement of Contribution  

Amanda McColl has made the following contributions:  

- Design and experimental completion of data collection,  

- Analysis and interpretation of all data,  

- Preparation of methods and figures for the manuscript.  

- Drafted and provided all revisions of manuscript prior to submission.  

 

Other authors have made the following contributions: 

- Bleackley MR, Anderson MA, and Lowe RGT contributed to the conception and 

design of the experiments, data analysis and manuscript revisions. 

- McKenna JA completed the initial antifungal assay examining the efficacy of BPTI 

against T. rubrum, A. fumigatus, S. cerevisiae, C. albicans and C. neoformans 

(Table 1) 
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Chapter Four 

 

4. STUDY 3 – Mechanism of resistance to NaD1 and LL-37 in C. 

albicans 
 

________________________________________________________________________ 

 

The findings of this chapter have been drafted as a manuscript ready for 

submission. This manuscript has not yet been submitted to a journal.  

 

McColl AI, Lowe RGT, Anderson AA, Bleackley MR (Unpublished), Sequence wide 

characterisation of resistance to AMPs in C. albicans.   

 

________________________________________________________________________ 

 

Statement of Contribution  

Amanda McColl has made the following contributions:  

- Design and experimental completion of data collection  

- Analysis and interpretation of all data,  

- Preparation of methods and figures for the manuscript.  

- Drafting of manuscript prior to submission  

 

Other authors have made the following contributions: 

- Bleackley MR, Anderson MA, and Lowe RGT contributed to the conception and 

design of the experiments, data analysis and manuscript revisions. 
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Chapter 5 
 

5. Concluding remarks 
 

________________________________________________________________________ 

 

 

The studies presented in this thesis were focused on the mechanisms of resistance to 

antifungal peptides in two yeast species, comparing the findings to the mechanisms of small 

molecule drug resistance. Assessing resistance to AFPs via laboratory selection provides 

the opportunity to mimic how resistance may develop to fungal pathogens in a clinical 

setting, thus enabling the opportunity for clinicians to predict resistance patterns and 

treatment regimens prior to administration of AFPs to a patient. The development of peptide 

drugs is ever-increasing, with more than 400 peptidic drugs in clinical development (Basso 

et al., 2020). Over the last 20 years, a total of 60 peptide drugs have been approved 

worldwide, with metabolic disorders and cancer as the main targeted therapeutic areas (Lee 

et al., 2019). Moreover, a number of AMPs are in development for topical antifungal 

applications, including the treatment of oral and vulvovaginal candidiasis (Mookherjee et 

al., 2020). This prompted the investigations in this thesis on the rate of development and 

mechanisms of resistance to AFPs in the two yeast species. This thesis has built on the 

limited amount of research that has been performed over the last 20 years on resistance 

development to a small set of AFPs. Prior research has mainly employed resistance 

selection or deletion screens to elucidate targets and the mechanism of action of AFPs. 

Genome sequencing methods have improved rapidly over the past decade and have created 

the opportunity to define all the genetic changes that occur in the pathogen genome during 

the transition to AFP resistance. In this thesis whole genome sequencing has been used to 

complete one of the first comprehensive investigations into the genetic determinants of 

resistance to AFPs via laboratory selection.  
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5.1 Resistance to AFPs does develop but it is slow and involves mutations in multiple 

genes. 

I discovered that yeast do develop resistance to AFPs such as NaD1, LL-37 and BPTI, but 

it has limited effectiveness compared to small molecule resistance. Resistance to AFPs 

developed more slowly and there was a lower fold increase in MIC compared to resistance 

to the clinical antifungal drugs and it was associated with the fitness defects of slow growth, 

decreased cell size, and sensitivity to abiotic stressors. The major concern with small 

molecule drugs that are used in the clinic is the relatively rapid development of resistance, 

due to single mutations in hot spot regions in the proteins that are the targets for these drugs 

(Balashov et al., 2006; Flowers et al., 2015). Clinical antifungals generally act by inhibiting 

single enzymes that are essential for fungal viability. Resistance is acquired relatively 

rapidly due to the single amino acid changes that block interaction with the antifungal drug 

without affecting the activity of the enzyme (Prasad et al., 2016). Indeed, we also saw this 

occur in our caspofungin and itraconazole resistant lines. Resistance to these drugs emerged 

far more rapidly relative to AFP resistance and was caused by hotspot mutations in the 

target genes ERG11 and FKS1 for itraconazole and caspofungin respectively. In contrast to 

this, whole genome sequencing of all AFP-resistant isolates revealed that increased 

tolerance had developed via an accumulation of multiple mutations over time, and not via 

a single target site modification as occurred with small molecule drug resistance. Therefore, 

I hypothesise that due to this slow accumulation of mutations over time and the associated 

fitness defects that resistance to AFPs such as NaD1 and LL-37 will develop relatively 

slowly, and the resistant fungi will be less viable in a clinical setting. This provides an 

advantage for AFPs over small molecule drugs.  

Indeed, others have also observed this slow rate of resistance development and fitness 

defects associated with AMPs, particularly in bacterial studies (Leeuw et al., 2010; Magana 
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et al., 2020; Schneider et al., 2010). Magana and co-workers in their review on antibacterial 

AMPs hypothesised that the intense competition between bacterial species for nutrients and 

space within soil, human, and marine microbiota enhances the synthesis and continuous 

evolution of new AMPs (Magana et al., 2020; Tobias et al., 2017). In order to overcome 

resistance within these competitive environments, these newly evolved AMPs become 

increasingly complicated and are able to survive in harsh conditions, making them an ideal 

new source of AMPs that are resilient to environmental stressors and resistance 

development (Magana et al., 2020; Teta et al., 2017). It is likely that this is also the case 

for antifungal peptides, whereby plant or animal hosts are in an arms race with potential 

pathogens. They continually evolve AFPS with more complex mechanisms of action for 

protection against potential pathogens which in turn are continually evolving to be less 

susceptible to those defences. This can in part explain the resilience of AFPs and slow the 

development of resistance in fungi compared to resistance to small molecule antifungals 

which have not been produced through a co-evolutionary process.   

 

5.2 Resistance develops more slowly if the mechanism of action involves multiple 

targets  

The hypothesis that resistance will develop more slowly to AFPs that have multiple targets 

or a complex mechanism of action was further proven in this thesis. Resistance to NaD1 

and LL-37 developed more slowly than resistance to BPTI and the small molecule 

antifungals, which is likely due to its multi-phase mechanism of action which involves 

interaction with multiple targets (Hayes et al., 2018; Hayes et al., 2013) (Ordonez et al., 

2014; Tsai et al., 2011). In contrast, resistance to BPTI developed very quickly, faster than 

small molecule resistance. This is likely because of the simple mechanism of action of 

BPTI, whereby it appears to act on a single magnesium transporter. Consequently, any 
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mutations that increase magnesium uptake would be able to increase resistance to BPTI 

(Bleackley, 2014). This hypothesis that resistance develops more slowly if the mechanism 

of action involves multiple targets, provides a theoretical basis for prioritising the clinical 

development of more complex AMPs over ones with a simpler mechanism of action. 

 

5.3 Resistance to one AFP does not provide resistance to other AFPs 

Despite resistance being observed for AFP’s, an important discovery I made was that 

resistance to one AMP does not generate broad spectrum resistance to other AFPs or 

antifungals. The NaD1 and BPTI-resistant strains were still susceptible to caspofungin, and 

other AMPs including NaD2, DmAmP1, CP29, and Bac2a. In a clinical setting it is not 

uncommon that once resistance develops towards one antifungal within a class, that the 

pathogen will be resistant to the entire antifungal class, and sometimes other classes 

(Arendrup & Patterson, 2017; Chowdhary et al., 2017). The promising benefit of antifungal 

peptides, is that their mechanisms of action are extremely diverse, meaning that resistance 

to one peptide does not necessarily mean resistance to the entire class of peptides. Due to 

the increased prevalence of super-bugs resistant to multiple antifungal classes, the use of 

antifungal peptides could create enough therapeutic diversity to overcome this issue. 

 

5.4 Mechanisms of AFP resistance 

Whole genome sequencing of all the AFP resistant isolates revealed that resistance to AFPs 

occurs through a multi-phase mechanism whereby an accumulation of mutations over time 

impact beta-glucan masking, cation transport, and resistance to ROS and osmotic stress. 

This adds to the previously reported mechanisms of AFP resistance which employ 

repulsion, sequestration, removal by efflux pumps and proteolytic degradation. The 
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findings of my research that contribute to the already established knowledge on AFP 

resistance will be explored below (Figure 5.1). 

 

Figure 5.1. Updated mechanism of resistance to AFPs. The mechanisms of resistance are 

highlighted in bold in the figure and include: 1. Sequestration by secreted proteins, anionic 

polysaccharides or mannosylphosphate side chains on glycoproteins. 2. Cell wall remodelling to 

prevent binding to cell wall targets and traversing the cell wall. beta glucans. 3. Repulsion of AFPs 

by the accumulation of cations on the cell surface.  4. Protease digestion using ubiquitin ligases to 

degrade AFPs. 5. Efflux pumps, export of AMPs. 6. Prevention of binding to intracellular 

targets such as the Golgi or mitochondria. 7. Mitogen-activated protein kinase (MAPK) 

signalling pathways in fungi for protection against oxidative, osmotic or cell wall stress.  
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5.4.1 Repulsion: In both LL-37 and NaD1 resistant strains, I identified plasma membrane 

transporters that impacted cation and metal transport. I hypothesised that these would result 

in an accumulation of cations on the cell surface and prevent AFP binding. Indeed, this 

method of repulsion had already been identified for NaD1 and a range of other AFPs 

through S. cerevisiae deletion screens which identified that deletion of the transport 

regulator agp2 led to AFP resistance (Bleackley et al., 2014). Mutations that impact cation 

transport have the potential to be a broad-spectrum mechanism of resistance to AFPs. To 

confirm whether there is an accumulation of positive charges on the cell surface, a Sytox 

green-mediated assay could be used to assess if membrane permeabilization is delayed in 

the resistant strains compared to the agp2Δ mutants and wildtype. Further experimentation 

would be a binding assay measuring the binding activity of cytochrome c, a cationic protein. 

The levels of cytochrome c remaining in the supernatant would be measured after 

incubation. Wildtype cells would have bound most of the added cytochrome c, whereas a 

negligible amount of cytochrome c would be bound to mutants that had increased positive 

cations on the cell surface.  

5.4.2 Sequestration / Cell wall modifications: I identified mutations in genes CWP2, 

HOC1, WSC1 and ALG2 which may result in modifications to monosaccharide composition 

in the cell wall for NaD1 and LL-37 resistant strains. It is hypothesised that modifications 

to the cell wall would prevent AFPs from being able to traverse the cell wall by either 

sequestering or repelling the AFP and preventing it from reaching the plasma membrane. 

An example of sequestration by cell surface glycoproteins has been reported for PAF26 

after the observation that deletions in glycosylation genes enhances resistance to this 

antifungal peptide (Harries et al., 2013).  Extracellular concentrations of histatin 5 are also 

limited by sequestration to the outer layer of mannosylated glycoproteins (Harris et al., 

2009) and by the soluble domain of the MbS2 membrane sensor which is a broad range 
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protectant against AFPs including histatin 5, LL-37, hNP-1 and hBD1 (Szafranski-

Schneider et al., 2012). These studies imply that cell wall binding of AFPs has a larger role 

in their mechanisms of action/resistance than was previously anticipated. However, the 

content of mannan, chitin and beta-glucans would need examined in the mutants that were 

generated in this thesis as well as their structural location.  

5.4.3 Degradation: Proteases that degrade AFPs have been identified as a mechanism of 

resistance. Histatin 5 for example is degraded by the extracellular GPI anchored proteases 

Sap9/10 (Harris et al., 2009). I did not find mutations in Sap9/10, however, mutations in 

the ubiquitin ligases TOM1 and RSP5 were identified in NaD1-resistant strains. These 

ligases have a role in protein degradation and could therefore be responsible for degrading 

AFP’s upon entering the cytoplasm. However, due to the rigid scaffold and the 4 disulphide 

bonds of plant defensins, they are usually resistant to protease activity therefore it is 

unlikely that these mutations would have a large contribution to resistance (Parisi et al., 

2020). Unlike plant defensins, LL-37 is more susceptible to proteolytic degradation 

(McCrudden et al., 2014), however I did not identify any proteases to be associated with 

increased resistance to LL-37.  

5.4.4 Protection from ROS and osmotic stress: The mechanism of action of many AFPs 

leads to ROS production (Basso et al., 2020). Therefore, decreasing ROS production will 

increase resistance to these AFPs. This protective mechanism normally occurs by activation 

of the HOG pathway that protects against both ROS and osmotic stress (Hayes et al., 2014). 

Indeed, I identified several mutations that impact osmotic stress and ROS reduction in the 

NaD1-resistant isolates. Although there were no mutations that directly impacted Hog1, 

there were mutations that impacted genes that are regulated by Hog1 including the glucose 

transporter FPS1, D-xylulose reductase XYL2, candadylisin ECE1, and GPI linked cell wall 

protein RBT5, (Hayes et al., 2014). These mutations likely protect the cells from osmotic 

stress and ROS production, which is a known mechanism of AFP directed cell killing. In 
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addition to this, there were mutations that impacted mitochondrial function, and would 

likely result in protection from ROS production. This coincides with the previously 

reported petite mutants (with deletion of the mitochondrial genome) that were more 

resistant to NaD1 and had reduced ROS production (Hayes et al., 2013). The importance 

of mitochondrial function for NaD1’s mechanism of action was also reported after screens 

of the yeast non-essential gene library (Parisi et al., 2019).  I did not identify any mutations 

in the genes reported in that paper.  

5.4.5 Efflux pumps: The use of efflux pumps to remove AFPs has been reported in the 

human salivary peptide Histatin 5 whereby resistance was partially mediated by the Flu1 

efflux pump (Li et al., 2013). I also identified the use of efflux pumps to enhance resistance 

to the human AMP, LL-37. Resistance was associated with mutations in the ABC 

transporters CR_08200C_A and C6_04210C_B and the major facilitator superfamily 

transporters C4_02510W_A, CR_04760C_A, and HGT18. Due to the number of 

transporters identified and the partial resistance observed with Histatin 5 resistance, it is 

likely that each of these transporters also only induces partial resistance to LL-37. 

 

Other mechanisms of resistance identified were mutations that may impact Golgi and 

mitochondria function. Others have reported that AFPS enter cells and are likely to have 

intracellular targets (Parisi et al., 2018; Seyfi et al., 2020; van der Weerden et al., 2013), 

but very few of these targets have been elucidated. Based on this speculation, the 

intracellular targets of NaD1 could be the Golgi or mitochondria and consequently 

resistance may be associated with decreased binding to intracellular targets. Mutations in 

plasma membrane transporters that result in the intracellular accumulation of ions and other 

substances could also protect from cell death. For example, mutations in FPS1 could result 

in the intracellular accumulation of glycerol therefore protecting NaD1 from osmotic stress, 
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or mutations in the transporters sky1 and ptk2 could result in protection from magnesium 

efflux caused by BPTI.  

 

Some of the resistance mechanisms that were revealed in this study are related to those 

reported previously but there were differences in the genes responsible. This is probably 

because the limited AFP resistance studies that have been conducted to date have focused 

on human AFPs such as lactoferrin, hNP-1, hBD1-3 and histatins, which have different 

mechanisms of action and would likely elicit different resistance responses compared to 

plant defensin such as NaD1. The early research on the mechanism of action of AMPs was 

largely focused on the interaction with bacteria and led to the hypothesis that the main 

mechanism of action was membrane permeabilization. Other than the repulsion of AFPs 

mentioned above which would prevent plasma membrane binding, the findings from these 

studies in conjunction with recent evidence from other researchers indicates that this is not 

the main mechanism of action of AFPs. Overall, the results identified in this study add to 

the already identified mechanisms of resistance to AMPs as well as identifying novel 

mechanisms of resistance that will help in designing therapeutic strategies for future AMPs. 

 

5.5 Benefits of laboratory selection 

It was hypothesised that the mutations that arise from our method of laboratory selection 

for resistance would be more like those that would occur in the clinic as opposed to 

mutations created by chemical mutagenesis or identified in knockout screens. Indeed, this 

was the case for our caspofungin and itraconazole-resistant strains, which both had 

mutations that have been reported previously in C. albicans clinical isolates (Balashov et 

al., 2006; Flowers et al., 2015). This confirms that investigating the potential for 



147 
 

resistance development prior to clinical use will provide valuable insight into the 

mechanisms of resistance, and how the antifungal agent should be administered.  

 

5.6 Limitations of these studies and further experiments 

Despite the advantages of laboratory selection for resistance, there are still limitations to 

in-vitro experimentation. Although we have done an in-silico estimation of the 

contribution each mutation would have to AFP resistance, these would still need to be 

confirmed with experimental validation. Complementation experiments should be 

conducted with the wild type genes to determine whether they abrogate the resistance 

phenotype to provide strong evidence that these genes are the main resistance 

determinants. Further characterization of the single-gene deletion strains or the developed 

resistant-strains would provide more support that certain genes directly impact the 

resistant phenotype. For example, it could be assessed whether the resistant or knockout 

strains have altered cell walls or glycoproteins with a higher mannan content or have a 

higher/lower intracellular concentration of ions compared to wildtype.  

Another limitation of this research is that it was done in an in-vitro environment, and thus 

has not provided any information on the influence of host during an infection response. In 

addition, the viability of the mutated strains in a host setting was not checked.  It is 

important to note that the experiments done with the pathogen C. albicans in this thesis 

employed a disabled yeast strain (auxotrophic for uridine, histidine and arginine) for 

safety reasons and thus the drug resistant strains could not be assessed for virulence in a 

host model. The selection for resistance could be repeated by co-culturing the fungal 

pathogen with human innate immune cells, or in a mammalian model with an AMP over 

time, but it would not be ethical to develop a drug resistant strain that could be 
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transmitted. Therefore, future work will be reliant on in-vitro experiments to assess 

resistance.   

There are other methods that can be used to evolve and assess laboratory selection for 

resistance. In the clinic, a person may not get the maximum dose required for complete 

killing, usually due to co-morbidity, missing doses or not completing the script. It will be 

interesting to assess whether the clinical isolates of C. albicans already display resistance 

to AFP’s, in particular the human AFPs such as histatin, LL-37 and the human defensins, 

which are essential components of the innate immune system. These clinical isolates 

could also be sequenced to assess if the resistance genes I have identified are already 

mutated in these strains.  

In these experiments, we assessed a single isolate from a culture of resistant strains. It is 

important to consider that in a host there will be population of C. albicans which will 

have genetic variation. Therefore, another way to assess resistance is to sequence the 

entire population of cells after subculture in the presence of the AFP and examine the read 

depth and read count to determine the number of times the same mutation has arisen in 

the population. It is likely that some mutations will be more dominant but other mutations 

may contribute to partial resistance and affect medication efficacy.  

 

Due to the increased prevalence of antifungal disease and resistance, understanding the 

mechanisms of resistance to our new arsenal of clinical drugs is essential. The studies in 

this thesis provide a method and introduction to understanding how fungi develop 

resistance to AFP’s. An in depth understanding of how resistance develops to these 

peptides will provide invaluable information for anyone intending to use these peptides in 

a clinical setting. The studies in this thesis have highlighted the complexity of AMP 

resistance compared to small molecule drug resistance and have provided information on 



149 
 

the mechanisms of action and resistance to AMPs that may not have been elucidated 

otherwise. Overall, these studies indicate that NaD1, BPTI and LL-37, and by extension 

other AMPs, may complement existing clinical antifungals. Therefore, development of 

AFPs as therapeutics should be seriously considered to reduce the burden of antifungal 

resistance.  
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